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INTRODUCTION 


The progress of any science goes hand in hand with the 
development of new instruments, methods, and techniques. No 
advances at all can be made if we content ourselves with old 
methods or instruments which, although satisfactory for the standards 
of the age in which they developed, have not kept up with advances 
in other sciences, The history of positioning at sea, as will be 
shown, attests to the truth of this maxim, 

The purpose of this revort is to discuss the various 
methods of orecisely positioning a ship at sea for use in hydro- 
graphic surveying and to evaluate each in an attempt to select 
that system which will give optimum results for the conditiors 
prevailing in a particular operating area. In nvdrographic oper- 
ations it is necessary by some means to determine the vdosition 
at sea of the hydrographic survey vessel at the moment a measure- 
ment of the depth of water is obtained by echo sounder, A pre- 
cise determination is usually taken every 3 minutes ard the dis- 
tance between fixes interpolated on the basis cof time and speed. 
The requirement for the precision of the position determination is 

particularly critical in coastal areas, in operations involving 
the laying of trans-oceanic cable or for location of submerged 
objects, Since this involves a discussion of modern navigation 
techniques it is best to start with a brief review of the history 


and progress of navigation up to the present time, 


‘dl 





The first fundamental navigational problem to be solved 
was that of direction. Very early in his histary men discovered 
that directions at sea could be determined easily by reference to 
the stars, csodecially Polaris, and by reference to the sun then 
it rises, sets, or is at its greatest altitude. fut this was of 
no use with overcast skics. It was not until 1100 A. D. that the 
magnetic compass was developed for use at sea, permitting constant 
determination of direction regardless of weather, 

The solution of latitude folloved closely behind that af 

direction. Latitude is rclatively easy to detcrmine from the altitude 
of Polaris or from the greatest daily altitude of the sun. The 

only practical method of sailing wo until the end of the 18th 
century vas to sail with the vind to the letitude of the destination 
and then to tack across along the latitude circle until the opposite 
shore was reached, Since the instruments of that time were only 
accurate to one-half degree one can readily see that there vias 
much beating up and dovm the coast to be done in order to find the 
final destination. 

The last fundamental problem of navigation, the determina~ 
tion of longitude, was the most difficult to solve and many ingenious 
approaches to the problem had been proposed: 

One idea wes that tho variation of the magnetic meridian 
varied trith longitude. Sebastian Cabot on his death-bcd announced 
that he had solved the riddle of longitude ard it is thought that 


his solution depended on magnetic variation. Hovrever, investiga- 





tion of the carth's magnetic field revealed that there were 
"variations of the variation" caused by secular and pcriodic 
changes of the earth's ficld and that the magnetic approach to 
the longitude problem was not practical. 

Jean Dominique Cassini in 1673 suggested that longitude 
might be determined by observations of the eclipses of Jupiter's 
satellites. This method required a telescope 19 feet long in 
order to obtain sufficient accuracy. Although useful and practical 
ashore, the carrying anc mounting of sucha large instrument aboard 
ship was not feasible. 

Another proposal by the noted astronomers, Kepler and 
Halley, suggested obtaining longitude by means of moon occulta~ 
tions and eclipses. This plan was theoretically possible but the 
motions of the sun and moon were not sufficiently understood at 
that time to sive an accuracy closer than trro degrees of longitude. 
Further, occultations and eclipses did not take place over a wide 
enough area and occurred too infrequently to be useful at sea. 

In 151, ‘lerner proposed measuring the anguler distances 
between the moon and stars in order to obtain longitude. At first 
there were not enough data on the moon's motion to permit use of 
this method but by the beginning of the 18th century sufficient 
data were available to permit use of angular distances, it was a 
long and tedious computing job to obtain longitude by this method 
but it was the only practical method until the advent of the chron- 


ometer, 
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For many years scientists were aware that difference of 
longitude could be easily obtained by comparing the time of transit 
of a star over the observer's meridian with the time of transit 
over a standard meridian. Clocks of many types had been known for 

years but there was no clock available that would be sufficiently 
accurate under the various ship motions and changes in atmospheric 
conditions encountered at sea. The problem seemed insurmountable 
until John Harrison, in an attempt to gain a large cash prize 
offcred for solution of the longitude problem, invented the first 
successful chronometcr in 1734. This invention, which was of such 
vital importance to all navigators, was not fully tcsted and put 
into production until the latter half of the 18th century. ‘Tith 
the arrival of the chronometer the three fundamental problems of 
navigation, determination of direction, latitude, and longitude, 
were finally solved. 

There were additional dcvelopmecnts in the technique of 
navigation but fay changes in principles. These developments 
were the simultaneous but irdependent invention of the marine 
sextant in 1731, by Hadley in England and Godfrey in America, 
which for the first time permitted precise angular observation 
at sea: 

The discovery by the American sca captain, Thomas Sumner 

in 1837 that a single observed 4titude of a celestial body deter- 
mined a small circle of position which for shart distances could 


be treated as a straight line upon which the observer must lic; 





The discovery in 1870 by the French Admiral Adolphe 
Laurent Anatole Marq de Plonde de Saint Hilaire that a Sumner line 
of position can be plotted from a knowlcdge of the computcd azimuth 
anc by comparing the observed altitude of a body with the altitude 
computed for an assumcd position close to the truc nosition. This 
is now known as the arg St. Hilaire interccpt method which is 
the basis of modern cclestial navigation. 

For the 70 years from the development of the Mary St. Hilaire 
mcthod to the beginning of ‘forld War II witn its rapid advances in 
electronics, navigators contented themselves with the old and tried 
methods of navigation. They wore so set in their weys that marine 
navigators bitterly fought the introduction of tabular devices such 
as Greenrich hour angle and sidereal hour anglc vhich the modern 
air navigator demanded in order to obtain a spocedy solution, 

The progress of precise detcrmination of position for 
hydrographic survoys was equally slow. In 1800 Captain Huddart, 

a British mariner, invented the threc-arm protractor for mechani- 
cal solution of the matrematically involved "tnrce-point!! rc 
section problem, This was practically the only precise method 

of positioning survoy craft umil the cnd of World iar If, despite 
its limited range which scldom exceeds ton miles from the coast. 

Mudern electronic positioning dcvices, developcd since 
World War II, have many advantages in accuracy, range, anc ¢S- 
pecially reliability. Although subject to broakdomm, this docs 
not occur nearly as often as does bad weabthcr, darkness, haze, 
refraction, or many of the other things that plague the visual 
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observer. Research is constantly being carricd cut to develop 
improved systems with greater range and accuracy so that within 
afew years vo may havo world wide coverage for accurate position~ 
ing anyvhere on the oceans. 

The present level of navigation is the result of ycars 
of astronomical rcsearch and observations, thooretical investi- 
gations of various mathematical methods, and development of a great 
number of instrumental aids, However, in order to keep up with the 
many rapid advances in aircraft design, increascd propulsive pover, 
end the development of guided missiles, the science of navigation 
twill have to make a continucd scarch for improved instrumcnts, 


metneds, and techniques for precise positioning. 
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DISCUSSION OF BRRORS 


In the precise measurement of any quantity the question 
of accuracy of the mcasurement aires ariscs. In order to obtain 
more accurate valucs than would be given oy a single observation 
the measurements are usuelly repeated a number of times. Under 
these circumstences it till invariably de found thet the different 
measurements give different results. fhe cause of the discrcpancics 
between different obscrvations is that cvery neasurement is subject 
to error, These crrors can be divided into tivo broad classes: 
systematic ard random, 

systematic crrors arc these which arc of a conStent Waris, 
or whose presence and magnitude arc duc to some fixed cause, many 
of which can be climinatcd by the proper calibration of the equip- 
ment, Systematic crrors may be of scveral classes dcesignatcd as 
follows: 

THEORETICAL E2RORS such as those due to refraction; ab- 
erration of light; cffects of atmospheric conditions; propagational 
errors in the velocity of light, radio, or sound waves; sky wave 
errors; ctc. 


INS?PRUMU™NTAL BRRORS such as thosc due to orrors of divis- 





ee oe 





ion of graduatcd scales; defects in micrometer or vernicr screws; 
ecentricity of the arc of a sextant; transmitting and/or re- 
ceiving errors inherent in cloctronic equipment. 


GEOM-TRICAL HPRORS such as thoso cuc to the change of Civctr- 
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gence of hyperbolic lines of position between the center line and 
the foci in hyperbolic electronic positioning systems. Geometri- 
cal errors vary with the observer's Locetion in the area. 

PERSONAL ERRORS are due to personal peculiarities of an 
observer. For instance, an observer may always estimate an angie 
too small or always enswer a signal too soon. Each cbserver has 
his am personal error which is different from that cf every other 
observer, 

Random errors, also called accidental. erro.s, are those 
thet still remain after all known constant errors and all evidenw 
mistakes have been cerefully investigated and eliminated from the 
results. They are characterized by the fact that. there are sup- 
posed to be aS many positive random errcis as negative ones af the 
Same magnitude, and that there are many more small errors than there 
are larze ones. Examples of random errors are the changing re- 
fraction of the atmosphere; imperfections of the touch and sight 
of the observer which render it impossible for him to handle his 
instruments with sufficient delicacy, estimate small divisions of 
graduation, or keep the instrument in continual adjustment; care- 
less reading of the instrument (not a mistake or blunder); mis~ 
alignment of slectronic pulses; failure to have exact tangercy 
of a celestia. body sri the horizca when «sine the sextant; 
accidental variations of velocity of propagation of radio waves; 
and accidental frequency errors. 


Although at first it might seem that such irregular and 





unpredictable random errors would be most difficult to investigate 
mathematically it will be shown that they are zoverned by a very 
precise law, the lav of probability, and follow a regular pattern 
of distribution, Adjustment of observations by the method of least 
squares can only be done by treating as random erroi1's all errors 


remaining after correction for mown systematic errors. 


No technical paper would be complete withcvt at least one 
integral formula so it will be proper at this poin’, to introduce 
the equation for the probability curve. The probalility that an 


error will be between any two limits x' and x may be expressed: 


en Ke x* 


— 


: 
The "probability of an error" is a function of that error; 
so by letting x equal the errar and y its probability, the law 
of probability of error is represented by an equation: 
y=af (x) 
If y is taken as the ordinate and x as the abscissa the resulting 
curve must satisfy the folloving requirenents: 
le The maximum ordinate OA must corresvond to zero error, 
2. &S KX increases numerically the vaiue of y must decrease, 
3. ‘ihon x pecomes very Large y must aporoach zero. 
A typicel curve is shown in figure 1. Since different 
measurements have different degrees of accuracy it must be remem- 
bered that each class of observations will have a simitar Dut 
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distinct curve of its ovm, The error curve has been deduced by two 
methods. Hagen's method rests on the hypothesis that: 

"An error is the sum of an indefinitely great number of snell 
elementary errors thich are all equal and each of which is equally 
likely to be positive or negative", 

Gauss! method rests on the hynothesis that: 

"The most probable value of a quantity which is chserved directly 
Several times vith equal care is the arithetical maar cf the 
measurements", 


Both of these methods express the equation of the rro- 


bability curve as, 


Ry. eee 
ynxke . 
niet e ¥ = prohabi lity 
h = constant 


e 2 abstract number 


There ere numerous standards us2d to descrive the accrr- 
acy of oodservations, some of the mare prominent of vhich are; 


MAXIMUi! ERROR: An error for which no greater error has 





been found, If a great number of observations have been made it is 
probable that no greater error will occur and that all other errors 
should be less than the maximum error. 

MMAN ERROR (in): Also called tne standard error, root 
mean square error, or square mean error. It is the error whose 
square is the mean of the squares of all the errors, I% can be 


expressed by tae equat on. 


toe eee one ne oa 
1 3 ee deupesniés: asa ed ne ee ey men fan erties ek e scce = 
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equal to Uz ..Uo +... U, 








n 

In Figure 1 the mean error occurs at the inflection point of the 
curve (where the curve changes from concave to convex). 

PROBABLE ERROR (p.e.): Also called the median error. 
It is an error of such a value that any given e~ro:> is as Uikery to 
exceed it as be less than it. In other words, there is a 50% 
chance that another error will de greater than the given error anl 
a 50% chance that it will be less, In Figure 1 the avea vater ihe 
curve from the y axis to the line representing s-cbable error is 
equal to the area uncer the curve and to the rights of p.e, line. 
Its relationshio to mean error can be exnressed oy 

D. @, = -O745 m 

AVERAGE ERROR (t): Also callei the average deviation 
(a. do). lt is the arithmetical mean of all the errors disregarding 
the signs of the errars, Its main disadvantage is that it cannot 
be easily used in theoretical formulas, It may be expressed by 


the formula: 


sum of the errors 


toa. d. =e ae 


ia number of observations 








[ts reletionship to mean error is t = l/5 m = U.5m 

HUNE BRAOK {.): An errcr of such magnisude that 999 out 
of 1,000 erruc3 2:3 tes than 2u and only 1 1s as large or Merger 
than it, Its retaticashin to mean error may be expressed oys 


ax 3.5°m 


= & 
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In determination of error, the mean error is used because 
it is the inflection point on the Gaussean errcr curve and can 
also be used to correlate several types of errors to get the 
effective total error, The probable error is most often used in 
America, but since it represents only 50% probability iv is aot 
of much use to the navigator, The navigator who is tivin; to 
maneuver past a mine ficld, is in the vicinity of a du:ger So 
navigation, or is trying to locate himself precisely in orcer to 
locate a submarine cable is not interested in low prcbiblis ties, 
He wants to be as close to 100% certain as possible tiet his pos_- 
tion is in @ certain erea, Therefore, the following trble has 
been propared to orovide a factor which may be multiplied by the 


mean error to determine the desired probability level (percentage 





error): 
Average 
Error Probable Deviatvon Mean = - =~ “Hllge 
Symbol Dee. t, er Bid. =m me a 
Probability level 
(% error) 50% 58% 67% 90% 92% 99% 99.9% 
Bacuor OTS 08 i 1.5 c Ce 58 Ce 


For example: If a position has been determined to have a mean error 
of * 100 yards there is a 67% probability that the observer is within 
a circle of 100 yerds radius. ‘There is a 50% probability that he 

is within a circle of 67.45 yards radius; a 90% prozability that he 
will be within a circle of 150 yards radius; and a 99.9% chance 


he will be within a circle of 330 yards radius. 


There are two imcortant points in the above example which 
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need clarification in order to prevent any misconception about 
chmorns. 

First: The true value of any observation (in tuis case 
the position of the observer) can NEVER be knorn for certain, 
The error is always based on the correctness of the cbservations 
that were used in computing the error, If the observatioccs were 
misread, the wrong signal sighted on, or the star mictcentifned 
the value of the observation will be in error but the amount 
will never be knayn, For exemple, svppose a sinkin; ship wi’ 
a million dollars worth of goldw@board) reports its position as 
Latitude 50°00'00" North, Longitude 60°00'00" West and also re-= 
ports that its mean error of position if w_100 yards, Nov further 
Suppose that there wes either an undetectod error in transmission 
or the navigator mede a blundcr in his co.sputations so that the 
true position actually was Latitude 50°CO!CGO" SOUTH, Longitude 
50°00!00" Test. Treasure seekers might go to the reported po- 
sition and locate thaumselves ti th the mest precise methods known 
but they would not recover a single penny because the TRUE position 
was in another hemisphere. The only thing that can be said about 
any series of observations is that, assuming the observations are cor-~ 
rect and frce from blunders or mistakes, there is a 67% prebability 
that the mean error of the observation is M+- mean error. 

Second: A position at sea is determined by the inter- 
section of tro lines af position, Since cach line of position has 
a calculable error, the error of the point of intersection will de- 
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| _ probable error (p.¢.) 
average error (t) 
ye mean error (m) 
as .. huge error (a) 
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FIGURE 1: Typical error curve 


oA = OB = error in lines of position I and ITI 


FIGURE 2: Error circle 
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Error in line of position I 
oB = Error dn Mme ef pesatiom II 
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FIGURE 3: Error ellipse 
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Y= Angle of intersection 
of lines of position 
A and B 

m, = Error in A 

tM = Error in B 


FIGURE 4: Error ellipse when lines of position 
do not daversect at 90" 





pend on the amount of the errors of the lines of position and also 
upon the angle of intersection of the lines of position. ‘The 

error will describe an ellipse knain as the standard erra@ ellipse. 
If each line of position has an equal error and the lines inter- 
sect at right angles the error ellipse will be a circle (which is 

@ special case of an ellipse where the major and minor semi axcs 

are equal). If the errors are different but the lincs of positions 
intersect at right angles, the major and minor semi axes of the 
Standard error ellipse will be equal to the errors of the respective 
lines of position. If the errors are different andthe lines of 
position do not intersect at right angles, the standard error 
ellipse will have major end minor semi axes depondent on the values 
of the errors of the lines of position and their angles of intcr- 


sections Sec Fizures 2, 3, and k. 


In concluding this brief discussion on the thcory of 
errors we should mention some of the formulas expressing how errors 
are propazated. 

Case I sdditio and/or subtraction of ohsorvetions with knowm 
errors. 

If A is a obS@rvation “ith error mm 

If Bis an observation with error mp 

If C is an obser votion with crrar im 


then the algebraic sum of these obszrvations and its error may be 


expressed by the quantity (D+ mp). 


a 
-w~ 


e 


Then mp = ; m & mp? pe 9C° 
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Example: Given: 
Find: 
a) Longitwe of 


b) Longitudc of 


OF 


Both methods for 


Longitude of Point A is 75°00100" "lest + 2",5. 
Point B is 10°15'36" + 3.0 tTlest of 
Point A and Point C is 15°16'30" r 
i"t.Q east of Point B. 

longitudes of Point B and Point C. 

Point B = 15°00100" WF 10925136" ri'(2.8)2 + (3 eee 0)2 

Ocal 


85915136" 7 3,9" 


= 850915136" + 


Point © = 75900100" + 10015! 36" 15916130" 
(2.5) — (320) ~-4.0)2 
= 69959106" > 5,6 
= 85915136", — 159161301 v1 (309)2 F (ye0)" 
OOS CEO 
sotting longitude of Point C produce identical 


results which confirms the theory. 


Case il Multipli 
errors, 


Using same design 


cation or division of obScrvations with knovm 


m.)-(B * mp) = 


ebion as in Case TI let (A + 


(C i m1) @Qal-tipli.cation) 
then mc (am 2 /Tpi 
—— 2 ae ——) 
C (A ‘an. 
al ne eae 7 i) 
B 7 Og 
then mo ng, \2 jm3\ 2 
en ey 
Example): If the sides of a rectangular ficld are mcasured and 
found to be 
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SOMee. + 2 ft. 
GOL te Lt. 
Find the area of field and its meen error. 
(A * mg) (Br mp) = (C +. 1p) 


Area SO x 20 = 1,060 sq. ft. 


= LO) 2 an ae 
SO 7 BO 


1,000 | (.0h)2 + (.05)2 = 1,000 \ .00h2 


5 
i 


as pee oe a 


1,000 (7.064) = 7 6h sq.ft. 

Therefore, the area is 1,000 sq.ft. + 6h sq. ft. 
Example 2): If the area of a roctanguler ficld is 1,000 sa, ft. 
7 64 sq. ft. ad one side of the ficld is 50 ft, + 2 ft, Find 


the length of the other side and its error. 


At my 

ST mg = (C =m) 

Side ={"eeesSide = 1,060 = 2071. 
so 


me 6.2% 2s2 = 20 \;.0056 


J 
rh 
_ © 


m sf. ft. 

Gereftre C = 20 fe 71. ft. 
N. B. Since the truc error is never knovm the sign is unknown, 
Therefore tne square root of the sum of the squares of the mean 
errors is used to determine the resultant mcan error, This re- 
Sultant orror is ADTJAYS larger than any of the componont crrors. 
That is also the reason that the value of C detcrmined in the 
Example 2 above does net check with the value of 20 ft. + 1 ft. 
given in Examnle 1), 
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Explanation: 


ri 


Z 
Py 
R* 
SR 
S 
N 


NP,ZES 


Angie Pat 


Pn 
NP, 
PZ 

ZA 


is 
is 
is 
is 
is 
is 
is 
is 
is 


the star's position on celestial sphere. 
the observer's zenith. 

the pole of earth's axis. 

the altitude of the star. 

geodetic azimuth measured from south point. 
south point from obServers position. 

north point from ovservers position, 
Vernal Equinox (’" ). 


intersection of celestial equator and meridian. It is 


alvays 90° from pole. 


is 
is 
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is 


is 
is 
is 
is 


hour anele -: t, 

right ascencion of star 
declination of star = 
observers meridian 

is azimuth from north s Zn 
polar distance cf star - p 
latitude of observer 
co,latitude of observer 
zenith distance 


oo X 


FIGURE Sa: The celestial 
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sphere 
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By substituting knovm values in appropriate spherical formilas, 
all unknovm elements can be determined. ‘Yypicel spherical tri- 
angle relationships are: 


r 


Sin lav 


2D A 2.1 Sages: po ene 
1 a i < i 


mic 


pnt 


cos law cos a — cos bcos ¢c £sin b sinc cos A 


ow 


Sin cos la® Sin a cos B = €in c Gos b «=- cos c Sin bcos A 


FIGURE 5b: The celestial triangle (From Figure $a) 
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CELFSTIAL NAVIGATION 


The oldest and most fundamental method af determining 
position at sea is by means of celestial observations, Figure 5 
is a sketch of the celestial sphere illustrating the information 
and quantities required to solve for the observer's position, 

All of the modern methods employing celestial observations 
at sea depend on the altitude of two or more celestial bodies and 
recording the exact time each altitude is taken, The direct de- 
duction of position on the surface of the earth from these obser- 
vations involves such complex formules and tedious computations 
that for practical purposes it is easier to use indirect methods. 
The Marq St. Hilaire intercept method based on the Sumner line of 
position is almost universally used today. In this method the 
navigator uses his dead reckoning position, or else uses an assumed 
position so as to reduce interpolation as much as possible. He then 
computes the altitude of the celestial bodies as viewed from the 
assumed vositions. By comparing the observed altitude with the 
computed altitude and by using the computed azimuth a line of 
position can be plotted. ‘This is done by drawing a line through 
the assumed position along the computed azimuth (or its reciprocal 
as necessary). The line of position will be perpendicular to the 
azimuth line at a distance from the assumed position depending 
on the difference between the observed and computed altitudes. 

As has been pointcd out before, the line of position is actually the 


ay 


ao! ip 
. pe Se 





Oo is the sub stellar point of star «, 
A is the assumed position resulting in computed altitude he. 
B is the ships actual position giving the observed altitude ho. 


If he is greater than ho (as is the case in the sketch using B) 
then intercept AB is drawn in direction of the reciprocal of the 
computed azimuth. This is denoted A (away). See Figure 7. 


If he is less than h, (as is the case if ship is at point B!) 


then intercept AB' is dGrawn in direction of computed azimuth. 
This is denoted by T (toward), see Figure 7. 


FIGURE 6: Relationship of observed and computed altitudes 
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At 2000 local time, simultaneous observations ‘rere made of two 
stars, Spica and Polaris, with results shovm, For Polaris an 
intercept of 5.0 nautical miles (5'.Q) is laid off along the 
RECIPROCAL of the computed azimuth and a line of position is 
constructed perpendicular to the intercept point. For Spica an 
intercept of 4.O0 nautical miles is laid off in direction of the 
computed azimuth and a line of position constructed perpendicular 
to the intercept. 


The intersection of the two lines of position is the position of 
the ship at 2000 local time. 


FIGURE 7: Plotting lines of position 





omc Of a circlesbuteforsshertedistances can be treated as a 
Straight linc. The entire process can be understood best from a 
close inspection of Figures 6 and 7. 

The line of position - intercept method described above 
can be handled in three ways: 

1. By direct solution of the Pole-Zenith-Star astronom- 
Leal triangle using four or five place trig tables. In addition 
to being a tedious process, formulas employing secants or tangents 
become very inaccurate for values near °0° and will not give 
acceptable results, 

2 By splitting the astronomical triangle into two 
right triangles and solving by means of a combination of special 
tables and trig tables. In this mixed method the special tables 
involve triple interpolation for latitude, declination, and hour 
angle, This triple interpolation in some cases may introduce 
errors of 60! in first differences and the second or even third 
differences are far from neglibible. This system is seldom used. 

3. By tabular methods (also called short methods) whcre 
computed altitude and azimuth can be obtained dircctly from special 
tables using as arguments latitude, ceclination and hour angle. 

Basically the navigator is determining the position of a 
celestial body with respect to his own meridian, i.c. the body's 
local hour angie and declination, ‘The required astronomical data 
is published in almanacs esvecially prepared for the navigator. 
Declination is tabulated in arc, Right ascension is tabularcd for 
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use in any of the following formulas to obtain local hour angle: 


LHA = LST - RA 
LHA = GHA + long itude (+ cast, - west) 


GHA* = GHA ARIES - RAs 
GHA* = GHA ARIES +- SHA% 
where 
LHA = local hour angle 
GHA = Greenwich hour angle 
LST = local sidereal time 
RA = right ascension 
SHA = Sidereal hour angle. This is a meaningless anglo 


used for case of computation and equals 360° RA, 


The errors thet take place in positioning a vessel at 
sea may be broadly classified into the follaving categorics: 
Personal - duc to the personal touch of each individual observer, 
Instrumental - duc to lack of proper instrument adjustment, 
Observational ~ duc to many sources of failure to properly align 

ob ject and horizon. 
Atmospheric - due to refraction and dip. 
Computational - due to weaknesses or errors in formulas, tablcs, 
or methods used, 
Plotting ~ due to distortions of chart paper, use of thick pencil 
Dime Secu. 

A list of the errors that occur in determining position 
by celestial mcans was published by Capt. PRP. V. H. “coms (13) 
and is reproduced below, Arbitrary valucs have beon assigned 
each error in order to give an idea of the size of the errors that 
may occur, As will be seen later, many os the errors listcd belay 


may somctimes have much larger valucs in actual practice, The 


L Wumbers in narenthesis refcr to the corrcsponding number in 
view ho RaDhy. 
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purpose of the list is to show how the addition of a sie ll crror 
on a group of errors will not change the final results appreciably. 


Systematic (S) 


Brror Amount, (Amount)? or Random (It) 
Personal Otges O',0625 S 
Rcefrection 0.05 0.0025 S 
Dip O75 0, 0025 S 
Sextant 0.05 0.0025 S 
Timing 0.05 0.0025 S 
Defl. of Vext 0,08 0.0025 S 
Horizon 0.05 0.0025 5 
Chart 0.05 6.0025 S 
f&lmanac C205 0.0025 R 
Solution 0.0 0.0016 R 
Plotting 0.02 O.LO1h R 
SUM 0.71 0.0845 


Oval cmon ~''0, 085 ~?O!, 29 


eee » Eee Gee WE see 


obscrver is the tendency of a particular observer to consistently 
read anglcs too low, to respond to a signal too carly, etc. It is 
extremely complex and difficult to analyse because it depends on 

the psycholozical make-up of the owserver, It also varies with 

the position of the star in relation to the Pole as well as with 

the specd of motion of the star (this lattcr denends on the declina- 


tion of the star), Professor C. H. Smiley, on the basis of 50,000 
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observations has determined that the personel error in using a 
sextant is at least # lt, He states that any altitudes moasured 

by a sextant and not corrected for persmal cquation must be re- 
garded as uncertain by an amount which may be as lerge cs, Cig 

ATMOSPHERIC REFRACTION is the bending of a beam of Light 
as 1t pesscs through the earth's atmosphcre. In the navigational 
meanine of the term it includes both astronomical end terrestrial 
rofractions since the beams of light from the ster to the observer 
and from the horizon to the cbserver are both distorted hy the 
effects of rc fraction. 

Apart from the many othor difficulties of observing, about 
50% of the timc there is at least O'.4 of unaccounted abnormal 
refraction, In addition there is no cortainty that it is the same 
in all directions, Extra caution is necdcd where the horizon is 
fuzzy or shimmering, wherc a false horizon is suspected, or where 
sea temperature is expected to change radically within a few miles 
as vhen opereting in the vicinity of the Gulf Stream, Duc to 
radical changes in land tomncratures, refraction is ebnormal when 
Mien ten miles of lend. After a rainstorm vie refraction 2s 
frequently morc than 15', 

Formulas for rcfraction arc ompirical for the most part 
but on the basis of theory it has oecn determincd thet refraction 
depends on air density and to a lesscr extent on the exact composi-~ 
tion ef the air, Refraction tablcs are avellable Tor evcragc  Con-= 


ditions based on atmospheric prossurc, hcight of observer, observed 


27 





altitiie, humidity, and latitude. The exact correction is uncertain 
but Japanese tables indicate that there should be a O!,.1 correction 
for each degree of sea-air temperature difference. f£ ten degree 
temperature difference will mean 1! of refraction, The problem 
is very complex and does not show any promise of solution within 
the immediate future. It is complicated by such factors as mirage, 
atmospheric disturbances, and temperature differences between 
the height of eye of the observer and the surface. Further, there 
is no known method of measuring density and moisture content at 
the visible horizon which is usually many miles distant from the 
observer, Astronomers have been aware of the problem of re- 
fraction for many years and extensive research will continuc un- 
til a solution is achieved, 

DIP is the vertical angle betiveen tne plane of the hori- 
zom and a line tangent to the apparent (visible) horizon. It can 
be seen from Figure 6 that dip (:.)) and hcight of oye of the ob- 


server (H) are relatce by the formules 


fs R i H 
set (0 = : 
“soe R 





H -R (sec + 1) 
where R is the radius of the earth. 
Tt is also evident from plotting a graph of H against Ue 
that the large changes in dip occur for small chenges in H when 
H is less than 100 feet. The hcight of cyc of an observer will 


change markedly in ae rough sca dve to roll and pitch of the ship 
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where H is height above sea level of observer at O 


B is horizon of observer O 
R is radius of earth 
is dip of horizon 


FIGURE 8: Derivation of formula for DIP 





and this will produce a relatively large change in dip. This oscil- 
lation of the tangent to the horizon may amount to 23! of arc 

in extreme cases, which corresponds to an error in position of 24 
nautical miles. In order to reduce this error as much as possible 
it is necessary for the observer to know the height of eye for any 
place on the ship and for various conditions of loading. An 
accurate measurement should be made while the ship is tied to a 
pier od any subsequent change of draft notcd accordingly. For 
most ships ten days steady stcaming will result in a chamge of 
draft of about two feet which will affect the height of oye and 
also dip. 

SEXTANT ERROR is the error caused by observational and 
instrumental errors occurring from use of the marine sextent. It 
is generally agrcoed that the eccuracy of the marine sextant is 
on the order of O!',1 which corresponds to thc smallest graduation 
on the micrometer drum, The accuracy of the sextant comes about 
through the ability of the human eye to detect a singte break in 
a line, a break ina line of O!.1 of arc being readily detected 
by most observers. However, the theoretical eccuracy attainable 
does not correspond with the actual accurecy attaincd. Obser= 
vational errors will be discussed in the section dcaling with 
horizon errors. 

Instrumental sources of error in a marine sextant are: 
the resolving power, magnification, and curvature of the field 
of the telescope; backlash in the micrometer screw; variation in 
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the index error; possible distortion introduced by the glare and 
haze filters; and the eccentricity of the limb of the instrument. 

Resolving power and magnification of a telescope should 
be selected so as to give the maximum field of vie consistent 
with the minimum reading of the micrometer scale (0O'.1). For 
instance, the average value of the resolving pover of a telescope 
with 0.60 inch aperturc is 0',250 which is over twice the minimum 
micrometer graduation. Likewise, a 3X telescope will increase the 
resolving paver of the human cye to 0!,15 which is still not as 
accurate as could be desired. Hovever, increased magnification 
will result ina decrease in width of field which weuld be un- 
acceptable. Sextant manufacturers have determined that a tele- 
scope of 3X magnification and 0 m aperture will give the best 
width of field and smallest error due to difference between re- 
solving porer and smallest micrometer graduation. 

Curvature ih the lens of the telescope results in a lack 
of focus on the cdges of the field of view. fmv orvor due to such 
lack of focus can be avoided or greatly recuci ? by ob Saining focus 

for the center of the fieid and always making colncidence or 
tangency in the center of the field. 

Backlash is loose movement of the micrometer screw which 
may introduce errors of as much as O!,2. The cffects of backlash 
can be avoided by alvays turning the micrometer drum in a positive 
direction when making the finzl contact, 

Index error is far from constant over the period of one 
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day's operation. Although index crror can never be permanently 
removed because it is the residual error romaining after the in- 
strument has been adjusted as much as possible it can be measured 
and its effect allowed for. It vill vary from time to time with 
temperature changes, rough handling of the sextant, or loss of 
tension in the mirrcer screws, but its effects can be greatly re- 
duced by noting the index error immediately before and after ob- 
servations and correcting the observations accordingly. If the 
observations are to extend over a long pcriod index errors should 
be noted «t least every hour, 

Ordinary telescope filtcrs mey introduce a small error 
due to uncertainties in the refractive index of the glass employed. 
However, most modern instruments are equipped with polarised fil- 
ters which introduce no anoreciable error. 

Eccentricity of the limb is obtained by the manufacturer 
and a calibration curve supplied with each instrument to indicate 
the amount of correction necessary. 

From the above it can be seen that a well adjusted sex- 
tant with proper observing techniques to reduce the effects of 
backlash and index error should be adle to produce an accuracy 
equivalent to + 0'.05 corresponding to a least graduation reading 
CE) a 

TIMING ERROR is the error introduced by faulty chron-~ 
ometers, inaccuratc reading of the hack watch during observations, 


etc.At sea the usual accuracy with adequate time signals is 0.5 
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seconds with a decent hack. This corresponds to $-0. 25 seconds 
which compares favorably with the minimum roading of most compar- 
ing watches (0.4 seconds or + 0.2 scconds). Time is of no great 
importance for routine celestial navigation because l seconds time 
error corresponds to l! of arc. However, in precise workitis of 
tremendous importance. An accurate knowledge of time is neccessary 
for the calibration and control of alternating current instruments, 
radio frequcney control, etc. Obviously we will pc unaole to de- 
termine hoy many cycles per second are produced unless we knov 
exactly how long a second is. But that is another subject. 

DEFLECTION OF VERTICAL ERROR is caused by the gravita- 
tional attraction of submarine mounts or nearby shore formations 
which causes the direction of the vertical to change. Any change 
in the vertical will be equivalent to a change in the zenith, and 
this affects the altitude, The largest recorded deflection of the 
vertical on land is 1! in the vicinity of San Juan, Puerto Rico, 
but the average value on landis much less than 0!.5, There is 
as yet insufficient infamation on submarine topogrephy to give 
exact values but there is evidence that deflections of the verti- 
cal will, in general, be less at sea. However, values of L' at 
Sea may be possibile. 

HORIZON ERROR is caused by the inability of the oodserver 
to properly make a celestial body tangent to the horizon. This may 
be due to movement of the horizon occurring when sights ere taken 
from a ship in rough weather, and uncertainties due to a false or 
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hazy horizon. The effects of false and hezy horizons have been 


covered under the section dealing with atmospheric refraction. 

Juring rough weather the horizon oscillates in proportion 
to the oscilleting periods and is never constant even in the 
calmest waters, It is for this reason, incidert-lly, that a buoble 
octant, so useful for mkine circraft observetions independently 
of a horizon, camnot be used aboard ship. : Eas 
% bubble octant is calibrated in such a manner to averare out 
periodic oscillations of the aircraft over a period of trio minutes. 
Tne movements of a ship, however, are so erratic that it is im- 
possiole to center the buobie. For a marine sextent if the hori- 
zon is oscilleting in tentns of « minute of arc it will »e im- 
possible to measure eccurately the altitude of a celestial body 
within tenths of minute. 

Anotner aspect of this same problem will be the error 
caused by failure to hold the sextant in 2 vertical position during 
observations in rough weather. It is standard orectice to rock 
the sextant until the star imeges curves tongentiellv to the horizon. 
The touch detveen Star and horizon can then be easily observed. 

The amount that the arc of the ster fails at perfect tanzency with 
the norizon will, of course, introduce an e:ror into the ooser= 
vations. Cdr. J. iiiddendorp, R.N.N.R. was the first to discuss 
the different error thet arises if the sextant is not held vcerti- 
cally, his original theory beinz subsequently sli-szhtly modified on 
eometrical point by G. H. Clemence and Col. J. P. G. 
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Worlledge (18). In Figure 9 let 


Z observer's zenith 


OS = axis of sextant 


t = tilt of sextant in vertical 
a= true altitude 
/oaCLrOr of altitude due to tilt 


This produces the equation 

sin (a » ..a) = sina sec t. 
The error increases with increase in tilt and/or increase in stars 
altitude. Some values of this error for various angles of tilt 
and altitude are: 


A tilt of 1° with 10° observed alt. gives an error 0!.1 


1 " "1 70 t 60° I i" i} " " 01.9 
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CHART ERROR is the error that arises due to distortion 
of the chart on which the lines of position are plotted. The 
scale of the chart may be distorted up to 1% due to atmospheric 
changes in the chart house. Thus, the charting error depends on 
the scale of the plotting chart and the amount the chart has been 
distorted due to humidity, spilled coffee, etc. One cen readily 
see that plotting on a scale of 1:500,000 or smaller (as are regula- 
tion plotting sheets) the error will not be negligible, 

ALMANLC ERROR is the error due to inaccurgcies in the 
almanac being used, Because the hour angle of the sun does not 
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Z is observers zenith 

oS is axis of sextant 

b> is vertical tiit of sextant 
ais true altitude 


Sin a ‘ . 

ae = Sin (a =, a) 

Sin 90-t t 
Therefore Sin a sec t = sin (a £/ a) 


FIGURE 9: Effect of tilting a marine sextant 





increase at the uniform rate of 30° per two hour interval as is 
assumed in interpolating for Greemrich Hour angle (GHA) in the 
Nautical Almanac, an interpolation error of as much as O'.7 is in~ 
troduced in the value of GHii. The averege interpolation error 

in GHA is O'.1) for the entire year. This will introduce a pro- 
portionate error in the line of position depending on the method 
used in computing the line of position. 

SOLUTION ERROR is the error ceused by treaknesses in the 
method of computetion or errors in the tables employed. Most 
tabular methods employ the formulas: 

sin h = sin 9 sin% pr cos @ cos y cos H 
cos h sin A = cos 7 sin H 
cos h cos A # ~cos f sini; #sin fcoss cos H 


nt 


setting R - (cos cos“) cos/’# (cos {: sin’) sin j 
and S = (cos S: cos_4) sin ¥= (cos$ sin) cos7’ 
which substituting »ack in the original equations gives : 
sin h = sin @ sin?) + Rcos # to give altitude 
sin 4h =S sec fl to give azimuth 
cos h cos A = - cos # sin’, + R sin @ to give the 
quadrant of the azimuth where 
«#2 Right ascension 
Y - Declination 
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Assumed Latitude 


altitude 
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These formulas have none of the weaknesses of formulas 
using tangents and secants but there are other errors no less 
serious, For instance, the preparation of H. 0. 249, one of the 
more populer short methods, involved the solution of 31:3,4h0 
sphericel triangles. One can easily imagine the amount of work 
involved in proofreading and the possilility of errors slipping by. 
There are also possibilities of interpolation errors due to the 
intervals involved for the various arguments. In computing by 
logarithms increased accuracy is obtained by the use of more deci-~ 
mal places but this is off-sct by the greater time required to 
compute and by the greatly increased chances or error arising from 
the longer comoutations. The renowned Karl Friedrich Gauss 
claimed thet the time required to compute 5,6, or 7 decimal places 
is in the ratio of 1 to 2 to 3. Using 5 place logs is therefore 
twice as fast as using increased places and the chances of errors 
are less because of the reduced amount of computation. 

Table 1 is a comparison of the more popular short methods 
used in modern navigation as originally puolished in Navigation by 
tr. Fred Franklin (17). 

PLOTTING ERROR is the error arising from inaccuracies 
in the method of plotting, the errors of the plotting toolti, and/or 
the method of arriving at the most probable position from the re~ 
Sidual triangle. Due to the thickness of even the finest pencil 
line and to the errors in the plotting tools, the maximum precision 


possible for plotting is 1.0 yards for the best results and 4.0 
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yards for ordinary results when plotting on a scale of 1:10,000. 
These values are proportionately greater for smaller scales. A 
1:50,000 harbor chart will have a plotting error between 5 and 20 
yards; a 1:250,000 approach chart will have a plotting error between 
25 and 100 yards; and a 1:1,000,000 standard plotting sheet will 
have an error between 100 and 1,00 yards. 

fn additional and perhaps greater source of plotting 
error arises from selecting the most probable position when three 
or more lines of position form a residual triangle (as usually 
happens in practice). lMost navigators select the most probable 
position as being within the triangle: either in the center of the 
triangle or at the intersection of the angle bisectors of the tri- 
angle. 

This assumption is correct if all the errors involved 
are random errors. However, if there is &€n unknayn constant error 
in the observations which is larger than the random errors, then a 
Situation may occur in which the most probable position is outside 
the triangle. The situetion will arise, for instance, if all three 
stars are within an arc of 180° of azimuth so that the constant 
error is in the same direction for each star. Such a constant 
error may be caused by faulty index correction, by an erroneous 
estimation of height of eye of the observer, by an incorrect esti-~ 
mate of refraction, by the personal equation of the observer, or 
by unsuspected submarine gravity anomalies. Considering the possi-~ 


bility of the above errors occurring, the chances that the true 
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position WILL lie inside the triangle formed by three lines of 
pesition is only 2 im hy; that-dterill lie in the figure formed by 
four lines of position is 1 in 2, However, since there is little 
or no chance of correctly analyzing errors when at sea, the navi-~ 
gator is left with no choice but to continue his practice of se- 
lecting the true position inside the residual triangle. This short 
discussion should make him avare that too much confidence should 
not be placed in a position inside the triangle, especially then 


in the vicinity of hazardous waters. 


The problem of the accuracy of astronomical observations 
at sea is of great interest to all who are in any wey connected 
with the safe navigation of ships at sea, It is now being investi- 
gated by working committees of the imerican institute of Navigation 
located at the University of California, Los Angeles, California 
and by the British Institute of Navigation located at the Royal 
Geographical Society, Kensington Core, London. Much work has 
already been done but under artificial circumstances such as ob= 
servatiohs ashore, or in a vessel anchored in calm water, or by 
Specially trained observers. The results obtained by such an 
approach may differ greatly from that obtained by a qualified 
navigetor at sea where atmosoheric conditions are uncertain, the 
state of the sea devarts from absolute calmness, and where the 
navigator, although proficient in the technique of navigation, 
my be totally untrained iin the theory of observations, 


Table II is a summary of the results some of the investi- 
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gators obtained, As can be seen individual opinions vary widely. 

It can also be seen from the theory of the propagations of errors 
that due to the use of squared quantities the larger errors com- 
pletely over-shadow the smaller ones and reduce them to virtual 
insignificance. It is evident that nothing will be gained by try- 
ing to redwe the small errars until the larger errors are removed. 
In celestial navization the largest errors are those due to actual 
observing and it is these very observing errors that are least under= 
stood. Basically, a sight at sec is only as good as its observation 
no matter how carefully it is worked out, 

Even if a number of observers at sea should get excellent 
agreement, such as was obtained by the U. S. Coast and Geodetic 
Survey observers in Table II, unknovm factors, such as unsuspected 
gravity anomalies or errors in refraction, could introduce serious 

errors. For example a difference of 18° F. between water and air 
temperature will cause a refraction error amounting to 2 miles 

in the resultant line of position, fs has been pointed out before, 
gravity anomalies on land may be as great as 1! and such en error 
might also occur due to unsuspected submarine anomalies, 

On the basis of the data given in Table If it is proba- 
bly safe to say that using the greatest possible care, specially 
trained observer teams, and precise observing equipment the best 
accuracy attainable is 0.) nautical miles (mean error #0!.2). 

The huge error for use in dangerous waters will be 70.66. For 
ordinary navigation the accuracy is probably a huge error of +51 aOe 


to give an accuracy of 10 miles. 
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COMPARISON OF SHORT METHODS OF CELESTIAL NavVIGsaTION 
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BRLG&'S METHOD 
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TABLE II 


Results of Various Investigations in Determining the iccuracy 


lie 


of Celestial Observations at Sea, 


Observations at Main Control Buoy "J" George Bank = Season 


of 1930 by USC ard GS Ship Lydonia (13): 


Observer No. of Sets Lat. Longs 
ee dD Covrie 8 1°99 039 67°15 ' 263 
Ls S. Hubbard hy Heo! MG | GROG tb 
We We Scaife 6 1°29: 60 67°15" Pal 


Probeble error of the result in Lat. = {-0'.052 = +-312 ft. 
Probable error of a single observation in Lat. =10'.221 = +1,326 ft 
Probable error of the result in Longs = +. 0!'.061 = +366 ft. 


Probable error of a single observation in Long. -‘0!.258 =f 
uo fb. 


The observations were made at sea from a moored ship by highly 


trained observers trith more precise equipment than is available 


to the average navigator, The aoove results correspond to a mean 


error of + 2,100 feet for a single observation and a huge errcer of 


+ 6,930 feet. 


B. 


Observations of 1,500 altitudes of celestial bodies during a 
round trip sea voyage from U. S. A. to Brazil in 1947 by 


Ca Hemormiiey 6b al (10)< 


Probable error for single observation = 4 0',27 = +1,670 ft. 
Mean error for single observation =~ O'.4 = 72,470 ft. 


Huge error for single observation =-+ ]1'.32 = pace) lsat Leer 
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(TABLE IT) 


(ACCURACY OF OBSERVATIONS AT SEa) 


The observations were made from a moving ship by cight scientific 
observers well grounded in the theory of errors and theary of 
ooservations. The results were determined after allowance had 


been made for all sowces of systematic error. 


C. Observations taken in 193) on board the FAISTFRBOREV light 
vessel anchored five miles off the southvrest coast of Sweden 


by B. Chr. Peterson (20). 


525 altitudes grouped between 16907! and 55°11' revealed a 
mean error of a single observation between + 01,58 and + 1'.57. 
The variation probably was due to irregularity of the sea 


herizon and to abnormal terrestrial refractions 


365 sights divided into morning and afternoon observations re 
vealed that both were about equally accurate: 


No. of Sights 203 = 162 
Astte Pybic 


a el i OO eee SG 2 
Correcting tho above for sea motion, refraction, etc. gave an 


me 41.15 to #2'.0 and a huge error a = #h'.95 to +6!.6. 


These observations were taken from an anchored ship in calm water 
under excellent observing conditions. The results indicate an 
accuracy of 3 to h nautical miles for a mean error of +1'.5 to 


t 2',0 and an accuracy of 13.2 nautical miles for a huge error of 


2ON.0. 
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SEXTANT THREE-POINT POSITIONING 


In making hydrographic surveys the usual practice is to 
position the sounding vessel by simultaneously measuring with two 
sextants a pair of angles suodtended by three known points, usually 
survey Signals or other fixed objects ashore. Each position of the 
vessel as fixed by the two observed angles may theoretically be 
computed by solving the classical three-point resection problem, 
but this is such a horrendous task as to be impractical due to the 

long and elaborate computations involved. 

In practice the procedure is for two observers to measure 
two angles simultaneously with sextants; ome obServer measures the 
angle between the left and center objects while the other observer 
measures the angle between the center and right objects. A graphi- 
cal solution is then obtaired by plotting with a three-arm pro- 
tractor on which the two cdserved angles have been set, When the 
three arms of the protractor are made to coincide with the fixed 
objects as plotted m a chart, the position of the vessel at the 
time of the observation will be at the center of the protractor. 

A small opening is located at the center of the protractor through 
which a sharp pencil point or fine pricker may be inserted to 
mark the location of the "fix" on the chart, The advantages of 
this graphical method are that all operations are performed on 
board the survey vessel, the required data are knomm immediately, 
and the position may be determined quickly. 
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The theory of the three=point problem depends on the 


following principles: 


1) & circle can be described through any three points. 


2) 


If two of the points are fixed in position, the mgle 
between them measured at an unknown third point lo- 
cated on the circle will be the same. Thus, a circle 
may be passed through the left and center fixed objects 
by using the observed angle subtending these objects. 
The position of the ship will be somewhere on the 
circumference of the circle. 

If a circle is similarly passed through the center 

and right objects by use of the observed angle sub~ 
tending them, then the position of the sounding craft 


is at the intersection of the tio circles, 


The strength of the threc-point fix depends on the position 


of the ship in relation to the three fixed points. If the ship is 


on a circle passing through the three fixed points the solution will 


de indeterminate because the tyo circles will coincide and the pro- 


tractar will swing along the are of the coincident circles, This 


is called a "swinger", Hoavever, a strong fix is obtained when: 


a) 


b) 


6) 


The dserver is inside the triangle formed by the 
three fixed objects. 

The sum of the two angles is equal to or greater than 
180 degrees, and neither angle is less than 30 degrees. 
the three objects are in a Straight line. 
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d) The center object is closest to the observer. 

e) At least one cf the angles changes rapidly as the 

survey vessel moves from one location to another. 

In addition, the sum of the angles should not be less 
than 50 degrees, better results being obtained when no angle is 
less than 30 degrees. 

There are several serious disadvantages to the sextant 
threc-point method which need to be considered. The method is 
useless during periods of decreased visibility or during periods 
of darkness. This means that in any area (except the Arctic where 
there may be long periods of daylight) the sextant method can 
only be used for 50% of the time, excluding additional interruptions 
due to weather and/or atmospheric conditions. 

The range of operations is rcstricted to a very small dis- 
tance from the coastline due to curvature of tne earth and also to 
the ina lity of the human eye to detect objects which subtend an 
angle smaller than one minute of arc, This corresponds to viewing 
an object 1 inch in Sige at a distance of 300 fect. In survey 
operations visual acuity is further complicated by other factors 
such as the shape of the object; brightness characteristics; at- 
mospheric conditions causing haze, mirage, glare, etc.; and the 
nature of th background color, Blue backgrounds (such as the 
sky) decrease by half the visual acuity cbtainable from black or 
white backgrounds, The distance at which objects af various 


heights may be seen by »ersons ith the formula 
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D = ODOT A 
where Dis the distance of the object in feet, H is the height 
of the object in feet, A is the visual size in minutes of visual 
angle subtended at the eye by the object. In this case A has a 
value of one minute of arc, 

A signal must also have enough height to overcome the 
curvature of the earth and the effects of refraction. The elevation 
above sea level that a signal must have in order to de visible a 
certain distance may be determined from the formulas: 

D= LISVE- 

or 

H = 0.75 Dé 
where H is the height in feet of the signel above sea level, 1.15 
is an approximate constant for curvature ant refraction, and D is 
the distance in nautical miles of the signal from the horizon, 

The height of eye of a sounding boat is about 9 feet and of a 
survey ship either 25 feet or 50 feet depending on the sige of the 
Ship. Standard survey signals made of wood are 30 feet high, and 
steel towers are 100 feet high. From the above data and formulas 
we can determine the following: 

a) A.30 foot tripod will subtend one minute of arc at 

16.5 nautical miles; a 100 foot tover will subtend 
one minute at 55 nautical miles. 

b) A height of eye of 9 feet has the horizon 3.45 miles 

ayay; 25 foot height of eye has the horizon 5.75 
Be 
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miles avay; and a 50 foot height of eye has the 
horizon 8.1 miles away, 

A 30 foot tripod will be at the limit of visibility 
for the required visual angle of one minute when the 
elevation of the terrain is 70 feet. Beyond this, 
any increase in elevation does not increase the range 
at which a 30 foot signal will be visible except 
with use of a telescope on the sextant. A 100 

foot steel tower can be seen out to 55 nautical 

miles before subtending too small an angle, but this 
is obtained only if the elevation of the surrounding 
terrain is 1,600 feet. 

Along a low coastline a 30 foot signal can be seen 
about 10 nautical miles by a sound boat, lh. nautical 
miles by a large survey vessel. The expensive 100 
foot steel towers will be visible 15 nautical miles 
and 19.6 nautical miles by sound boats and survey 


ships resoectively. 


Since the above distances all refer to the furthest visible 


Signal, it can readily be seen that, if no angle less than 30 degrees 
is observed, this method will permit sounding operetions along a 


coastal strip only 10 miles wide. 


In addition to the visibility and range restrictions, 


visual control by use of sextant angles requires a much denser 


concentration od’ main-scheme triangulation in order to locate the 
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secondary signals required for sextant observations, Under ordinary 
conditions there should be a secondary shore signal every 3/l mile 
to provide sufficient control for the sounding craft. 

Mention should also be made of the correction that must 
be axplied to the sextant angles if the signals are elevated much 
above sea level. If one signal is more elevated than the other a 


correction is applied in accordance with the folloving formula 


cos Vo 
=-cos h 


Cos Vo. 
where Vo is the observed or inclined angle, h is the angular ele- 
vation of the eclevated object, and Vc is the corrected angle. If 
both objects are elevated sufficiently to require correction, the 
correct horizontal angle may be obtaincd from the formula 


cos Vo - sin hy sin ho 


cos Vc sx es 
cos hz cos ho 


in which h, and hy are the angular elevations of tne two objects. 


i 


For ease in logarithmic computation this last formula may be re- 


written 
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cos 3 vos if sec hy sec hy cos § cos (S- 
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Vo) 
where 
5 - Vo #. hy + ho 
2 
Due to the involved computations insolving the three- 
point problem very little work has been done in determining math- 
ematically the error in position that results from a knorm error 


in the sextant reading. Mr. R. P. Bailey of the U. S. Navy Hydro- 
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graphic Office has recently devised a very ingenious solution for 
the three-point problem and the error of position by use of polar 
coordinates but his results arrived too late for a detailed dis- 
cussion in this report. The formulas dorived by himwill be in- 
cluded at the end of this chapter, In the absence of any mathe- 
matical method of determining the error of position, a granhical 
approacn was uscd since a graphical solution to finding the 
actual position is used in practice, a position was carcfully 
plotted on chart paper md then a #1 minute of arc change was 
applied to each angle. The resulting changes in position were 
carefully noted for different angular values. This crude method 
showed that sextent threc-point fixes have an error of position 
of 10 yards on a scale of 1:10,000, being proportionately higher 
for smaller scales. 

Mention hes been meade several times in this discussion 
of how involved the mathematical solution of the three-point 
problem can te, In support of these statements Burchhardt's 
derivation of the solution of the problemis as follows: (See 


Figure lle). 


Burchhardt's Solution of Three-Point Resection 
Problem: coordinates of points a, B, Cs: 
Known: Xjy Xp» Xo» Yas Yas Yp; 
Observed: Angles pand (3 : 
Find: Coordinatcs of snip at point P, 
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The angie of intersection of the lines connecting the shore 
stations canbe found by 


OS Ns 
YY x Azimuth CA - Azimuth CB. 


Since (n-2) 280° is the number of degrees that the sum of the 
inside angics cz an -nclosed figure must equal: 


x FO+YT 44 We 360° 
Dividing by 2 and trarsposing we get 

@) ¢ (Pr 4 = 180° - 3 (AHO EY) ru 
By the sin lay 


a sint? busam 7 
== OO 
Sin sin J 
sin 7 a El 
= " 
Sin A, 





Subtracting = from the left side and 1 from the right 


(i? 
Side, then bl cach side by -l tre get 


f * 
sin iL sin’ 


perf ta) (i? 
* fy) a ; 
(8) Sing Se + eaten 1 
sin /f 
sin qa? 
Similarly, adding = —- sin (9 to the lett side and 1 to the right 


side of formula 2 we goat 
(11) sin l? sin b 


ae 


Dividing formula 3 by formula hk: 


=l Ff tan wT 


° f e 5 A 5 s 
sinf¥-sin&’ ~1 -—tanw 2 which can be revritte: 


sin ifr sin y sh f- fan vr 
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(5) tan 2 ((p-bey cot 3 (P+ YY = cot (w 415°) 
(6) lLettame dam 2(Y-B = tan v 


(7) tan 4 (¢/- W = tan v = tan 4 Cp + ly cot (w #-45°) 


({9 7 Wo =w by formula i 
y- 4g) =v by formula 6 
f 


From 7 we zt 


(8) tan v > tan u cot (w #h5°) 
(9) (pouev 
(10) Lee aaa 


This provides all the necessary cloments for comp *cte solution 
of the triangles involvcd. 


i, numerical example to illustrate the neccessary computations 
follows (See Figure 10): 


Givens: 


Find: 


Point x Coordinate e Goordinate 
é 4.96291, 778 670 Gree 8 71 
9 4.98821. 693 670 7113.595 
B 498670. 933 676 Goer. 13a 


Jw ee? oe Oe 1) 

Gs 100° 06! 531,55 

2. Be Bat Bho 
KX and@Y ccorainatcs of Poimt P 


aH 180° — Fey) 


u 


269 291! 5S6",0 
a =\/ (2529.925)? 4 (308.276)° = 258,628 


b =\ (is0.760)2 x (3601.464)¢ = 3604,618 


2 $32 003267252 


tan WwW 
b sin, 


w - 1° 521 16".8 


58 








tan u cot (w ~#45°) = 0.46700985 
250 Ol! 58t, G 


tan v 
Vv 


2 Uf V = 519 31! Sht,9 
at ah. v - 1° OP ep 
_ b sia iv’ 2 sin 


sin 2 Gam 
1 4 fF 





_ 360k. Le x 0.02558086 
“iy, 562032 atti 





ry 


5S = 525. O43 
=280° - ( (ei ee 76° 25:091.3 


If t) = azimuth CB, then 


tan tj = r 5 b | = oa 5) = 0, 0412608 


in 2 a 231 Lowh 


y-PCE 


2 


If te = - azimuth CP 
to = ty rs a 260° 48! 58".7 


Xp — Xe = 525.0u5 sin 260° 46" 581.7 


Yp ~ Yo s 260° 8! 58".7 


ip if 
2: NL 
PO 


Therefore the coordinates of Point P arc: 


— )98821.633 -- 518.313 = 498 303.380 


R. P. Bailey's solution for the three-point problem (Figure 11b) 
is 





<2 _ 81° 89% sin * (4.4 C7 D) ay |. 
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dy? = 
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— approximate position error 


i, + ko + Yn cot A ty cot B 


Ep 
: ip + Yer ey COLA, + Xo eeLi/ 


= Xi, cose’ -+y. sinw 


- X, sinf>-y, cos 
ae "G2 


error in observed angle ~ 


3 
- error is observed anzle« 


error is observed angle? 
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ELECTRONIC POSITIONING SYSTEMS 


The rise of electronic navigation is as rapid and 
Specteculrr stho rr~wress of celestial navigation was slov. The 
beginning of tne modern electronic industry stems from the publi-~ 
cation in 186) cf Jaros Clerk Maxwell's "Tncory of Yave Travel, 

In 1883 Heinrich HNeriz began his studies of Clerk Maxwellis elec- 
tromagnetic theory which a few years later resulted in two dis~ 
coveries which are thc basis of radar and clectronic positioning 
systems : 

1) That radio waves are reflected by obstructions, and 

2) That reflected radio waves obcy laws of reflection, 
refraction, and propagation very similar to those folloaved by Ught 
rays. 

In 192) Breit and Tuve of the Carnegic Foundation measured 
the height of the Kennelly-Heaviside layer of the lonosphere by 
use of short length radio waves. In 1936 the U. S. Army developed 
the first pulse type radar systom and one year lator the first 
shipborne radar trials tern held. In 1942 the devclopment of the 
magnetron permitted the use of very high frequency waves known 
as micro=waves, The need during World War II for mcthods of long 
range navigation resultcd in the development of the basically 
similar systems of Loran by the U. S. for ship nevigation out 
to 500 miles and Gee by tne British for aircraft bombing navigation 
to 300 miles. Since then many new improvements have been devised 
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and developed until we find now that each day brings some very 


Significant advance in our knowledge of electronic positioning, 


The principle of measuring distances by electronic methods 
consists sinply in +:ring radio waves. The resultant accuracy, 
because it is a function of timing, is practically independent of 


distance, The propagation of radio waves obeys the farmula: 


Wave length = Velocity of propagation 





Frequency 
From this it can be seen that there are several obvious relation- 
Ships which should be understood before proceeding with a detailed 
discussion of the various systems; 
1. Lar frequency waves have long trave length (long waves). 


2. High frequency veves have short vrave length (short 
waves). 


3. d&ny variation in the velocity of propagation will re-=- 

sult in a change of wave length. 

lh. ny change in the frequency will result in a change 

of wave Length, 

In discussing the characteristics of radio waves it is 
customary to use interchangeably the terms low frequency and long 
waves, and also the terms high frequency and short waves, /,lthough 
this is quite proper, as can be seen from the first two relationships 
shorm above, it sometimes tends to confuse those who do not employ 
the terms as a matter of course in their daily work. In this dis- 


cussion when confusion may exist both of the synonomous terms will 
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be used, one being given in parenthesis, For example, lov fre- 
quency (long waves). 

FREQUENCY 

The choice of frequency used in any syctem is a very im- 
portant consideration because it is dictated Ly the requirements 
for size, accuracy, range, limitations of the cauipment, frequency 
bands available, and assorted technical problems. The permanent 
asSignment of a frequency for surveying purposes is just about 
impossible on an international basis because various countries 
have differently assigned frequency bands, Some of the systems 
already employ frequencies so close to the local broadcast or 
television bands that interference arises, Figure 13 gives a 
general idea of the bands assigned for different purposes, The 
characteristics of the extremes of frequencies are: 

High frequency (short waves) are characterized by smaller 
Size antennas; increased accuracy; line of sight range; less inter- 
ference from sky wave effects since short waves are not reflected 
by but pass through the ionosphere; and exceedingly short traves 
will be reflected by any small object such as raindrops, reducing 
their usefulness during inclement weather. 

Loy frequency (long waves) are characterized by very 
large and very expensive antenna systcms; less accuracy; ground 
wave transmission capable of circling the earth, which means possible 
positioning over the entire surface of the earth; sky wave inter 


ference; and increased noise level since atmospheric electrical 
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/\ Is the wave length. 
Cycle is the path followed (ABCDE) without repeating any angle. 
Frequency is the number of cycles per given unit of time. . 


FIGURE 12: Relationships of wave length, cycle, frequency. 
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- Frequency in cycles (c), kilocycles (kc), megacycles (mc). 
\ = Wave length in meters (m) and centermeters (cm). 
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FIGURE 13: Frequency bands of basic spectrum. 





Frequency in Megacycles 
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discharges generate fantastic ficld strengths in the Low frequency 
regions. 

METHODS OF TRANSiWISS [ON 

In transmitting radio waves either pulse (intermittent 
wave) or continuous wave forms may be employed. Pulse pover is 
by far the more cconomical of the two types since it requires much 
less mean pover. In addition the ground wave may be resolved with= 
out interference from reflections from the ionosphere called sky 
waves. Pulsed systems can generally be worked in areas of high at-~ 
mospheric noise where continuous wave systems would break down, 
Havever the accuracy attainable with pulse systems is much less 
than that obtainod from continuous wave systems, especially those 
employing the principle of measuring phase angles to be discussed 
shortly. 

METHODS OF TIVE ME;SUR MENT 

There are various methods uscd in timing the radio waves, 
each with its ovm peculiar technical advantag-s and disadvantages: 

‘leasurement of pulses is done by measuring the distance 
betreen tyro pulses. This can be dore to about one-fifth of the 
pulse length being theoretically accurate to a least reading of 
5S wave lengths. ‘ssuming that the average crror is 22 times the 
least reading, a hich frequency system of one meter wave length 
(such as Sharan) will give a lcast reading af 5 meters and an 


accuracy of about 1) meters (50 feet). 
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Frequency in Megacycles 
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Measurement by pulse matching is the technique used, to 
date, only in the case of Loran and in a modified sense by EPI. 
It consists of making the amplitudes of two pulses equal in the 
receiver, and then visually superimposing and comparing them, This 
can be done with an 2 cmaneiey of 1% of the pulse length which results 
in a reading 20 times more accuract than the dircct measurement 
of pulses. 

ieasurement of phase consists in measuring the phase 
angle difference between two radio waves. It is the most accurate 
af all techniques with a theoretical accuracy of 1% of a cycle and 
1° of phase angle. Ficzure 15 illustratcs the accuracy attainable 
from all three methods depending on the wave length (frequency) 
employed. 

CLASSES OF LINES OF POSITION 

If position is determined by measuring the round trip 
travel time from the ship's transmitter - receiver to a fixed 
shore station a family of concentric circular lines of position 
is sct uo, with the fixed sharc station as center, If position is 
determined by measuring thc time or phase difference from two 
synchronized trarsmitting shore stations a family of hyperbolic 
lines of position is established with the transmitting shore 
Stations as foci. In either system the intersection of tio or 
more lines of position determines the position of the ship- This 
is known as fixing thc position, or simply as a fix, 


Circular systems, also called ranging or distance nmeasure- 
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Example: At 3 times the length of the baseline the average 


error of fix is 3.1 times the minimum average error 
of fix, 


FIGURE 16: The relative errors of fix of circular systems as 
a function of distance 





Note: This is also a possible 
position except that navi- 
gator should know his oper- 
ating area in relation to 
the base line. 
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FIGURE 17: Principle of circular systems 





ment systems, requircs transmission by the user which seriously 
limits the numbcr of users. If more than one unit is to operate 
in a given ara with the same shore equipment and frequencies, an 
elaborate time=sharine schedule must be set up and adhered to, 
Under this type of operation a fix can only be obtaincdat the 
time permitted by the time-sharing schedule, iny attempts to get 
a fix at other times will result in interference with the signals 
of the other users. The other disadvantages of the circular system 
are that relatively claborate transmitting and receiving equipment 
are roquired aboard the using ship; and only line of sight distances 
are obtained due to the high frequencics employed. Horever, there 
are several great advantages which sometimes outweigh the disad- 
vantages: Circular systems are unaffected by clouds, darkness, or 
decreased visibility; no preconmputed charts or tables are necessary; 
better geometrical accuracy is obtained; and there is no disruption 
due to sky wave effect. Figure 17 illustrates a circular system, 
Hyperbolic systems employ time difference or phase dif- 
ference to mtaina line of position. By definition, the locus 
of points, the diffcrenee of those distance from tivo fixed points 
is constant, is a hypcrbole. In clectronic hyperbolic systems 
the measur.ment of a given time or phase diffcrerce fixes the ob- 
server's position on a hyperbole for which the two transmitting 
stations are the foci. Usually three transmitting stations are set 
up ashore with the center station acting as control for tle “wo 


end stations, Such a set-up is called a triplet with the center 
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FIGURE 18: Ground and sky waves 
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Rach hyperbole represents a 
line of constant time or phase 
difference. 


FIGURE 19: Principle of hyperbolic systems 





Station called a master and the two end stations referred to as 
Slaves. This results ina grid consisting of tivo families of 
hyperbolic curves, the intersection of any trro curves determining 
the ship's position, «a hyperbolic system has the adventages of 
longer ranges due to the low frequencies (long waves) employed; 
extremely simple shipboard equipment is required; and since there 
is no shipboard transmission, an unlimitcd number of observers 
may use the equinoment at the same time. The disadventages of the 
system are that interference or disruption of power causes loss 
of lane count which requires resetting of the dial rcadings at a 
point whose correct lance readings are knowm; interference from 
sky wave effects limits its use to daylight hours; and, most 
important, precomputed hyperbolic curves or taoles are necessary 
before positioning can be done. This latter isa very serious 
disadvantage in the case of hydrographic surveys because, since 
the exact vosition of the three shore stations must be knovn be- 
fore the curves can be computed, at least 50 miles of coastal 
triangulation must be completed before opcrations can commence. 
This results in long periods of inactivity for the sounding craft 
while the triangulation parties are obtaining the field data, 


Figure 19 illustrates a hyperbolic system, 


Electronic systems can be classified in any one of the 
ways discussed above: 
By the frequencies used. 


By the type of transmission used (pulse or continuous wave). 
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By the method of time measurcnent (pulse measurement, 
superimposing pulses, or phase measurement), 
By the type of lines of position obtained (circular or 
hyperbolic). 
For the purposes of this report all systems will be classified into 
either the circuler or hyperbolic catezories with appropriate 


subdivisions as necessary. 


The over all accuracy of an electronic positioning system 
depends on the instrumentel, propagational, mapping, and observational 
errors involved, These errors can ve sevarated into three main 
classes, internal, extcrnal, and geometrical, 

Internal errors, composed of o servational and instru- 
mental errors, occur within the electronic equipment, Observational 
errors are closely connected with personel errors which were pre= 
viously discussed in Chaptcr 2, 

Instrumental errors are similar in principle to the in- 
strumental errors of a sextant or other precise instrument and those 
errors that are common to all instruments vill not be touched upon. 
Hovever, there are special instrumental errors involved solely 
with clectronic systems and which are of croeat imoortance in under- 
standing electronic errors. « full discussion of ell of te in- 
strumental errors tmt effect the accuracy of an electronic system 
is beyong the scope of this report but a tnyical sources of crror 
occuring in nyperbolic phase matching systems is that arising 
from errors in transmisdon and receiving. in transmitting a radio 
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wave there may be errors of phase and/or frequency which are caused 
by variations within the set itself or are caused by lack of proper 
calibration. iny shift of phase in a hyperbolic system will re- 
sult in a swing of the @mtire hyperbolic grid similar to the swing 
that arises ina triangulation scheme unless it is rigidly con- 
trolled in azimuth. iach manufacturer has a different means of 
solving this phase locking problem which will be discussed in the 
descriptions of cach particular set, 

The effects of changes in frequency on a hyperbolic system 
can be obtained from the formula 

Nal ( {UB # [AP — /SP) 
where 


Ny 


numoer of hyperbolic lane 


By 
4 


- frequency 


<j 
I 


- velocity of propagation 
AR: 


MAP =- distance between master and ship 


distance between master and slave 


i 


/ BP = distance between slave and ship 


let Q- (hp PHOP --- rep) 
N=e=fQ 
= 


Differentiating the above we get 


dN = Q df 


V 
which by substitution gives 


ay - of 
== N 


76 





which shows how large a change in lane reading (dN) will result 
from a change in frequency (df), 

For puisc type systems a typical but very serious source 
of crror is in the timing circuits. In pulse type systems this 
consists of the precise determination of startins time of the 
initial signal, To accomplish this each manufacturer hes some 
sort of zeroing technique whose purpose is to reduce all timing 
measurements to the same basic starting time, Unfortunately the 
zero correction is not constant but varies with the "rise time" of 
the signals, This is the time necessery for the signal to build 
up from zero time to its minimun useable level, 

EXTERNAL ERRORS, composed of propagational errors, sky 
wave errors, and mapping errors, occur outside the equipment. 

Propagational errors are caused by variations and/or 
uncertaintics in the velocity of propagation of radio waves, The 
velocity of radio waves in a vacuum is constant (the latest and 
best value is 186282.h2 mi./sec) but as waves pass through air 
their velocity is retarded by an amount dependent on the dielectric 
constant of the air vhhich is a function of tomperature, avsolute 
pressure, and rclative humidity of the air. Long waves in addition 
are affected by the conductivity of the terrain over which the 
vraave travels. There is a gradual decrczse with height in the 
dielectric constant which is responsible for a slight bending 
of the clectromagnotic wave. We are now able to measure ton ver- 
ature, total pressuroc, and trater vapor pressure of the air with 
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sufficient accuracy to rcduce observations under the best c ondi- 
tions (to the vacuum value) with a resultant standard error of one 
part in 150,000, but this is for aircraft Shoran waves propagated 
above the surface of the earth. However, undcr less favorable 
conditions the standard crror of e long wave may be betrvreen one and 
ten perts in 100,000. Over salt water the error may be one in 
100,000 but over fresh water or over a mixture of diffcrent types 
of land the error will be considerably hither. Long waves for 
long distances folloy the curvature of the earth and are greatly 
influenced by the atmospheric conditions and conductivity, The 
conductivity is very difficult to determinc and must be solved 
beforc Long waves (low frequencies) can be used for very precise 
work involving any overland transmission. For that reason it is 
imperative that stations for hyperbolic systems be so sct up 
as to have the least possible amount of land intervening between 
the stations. The relationship of velocity in a vacuum and ectual 
velocity through the air is expressed by the formula 
yo 
n 
where V is the actual velocity through the air Vo is the velocity 
ina vacuum, and nis the refractive index of that partion of 
the atmosphere through which the wave passcs. 
Sky wave ocrrors aro caused by the intcrference of radio 
waves reflected from thc upper atmosphere. About 25-30 milcs 
above the surface of the earth during the day, and 60 miles it 


night, is a conducting Layer of ionized gas which prevents 
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electromagnetic waves from spreading out into space. The ioni-~- 
zation is caused by the sunfs ultra-violet radiation during the 
day and by the ozone leyer at night. Short waves (high freqvencies) 
are permittcd to pass through this ionized barrier but long waves 
are reflected by this layer, knowm as the Kennelly-Heaviside layer, 
and cause considerable interference with the ground wave propa- 
gated elong the surface of the carth. These reflected waves, 
called sky waves, arc weak or completely absent during the day due 
to absorption in the ionosphere but arc at a maximum around sune 
set and sunrise, maintaining a high strength level all through 
the night, The interference of sky waves at nignt stems from the 
fact that the strength of ground waves decreases as the wave gets 
further from the transmitter until eventually the ground wave 
blends trith the static. Since there is mare static at might there 
will be a consequent decrease in the range of ground waves at 
night. Thc decrease in ground wave strength is much greater than 
the decrease in sky wave field intensity and falls to such a 
point that the sky wave is caual to or stronger than the ground 
waves «At this point the sky wave begins to control the character 
of the signal, giving phese roadings which are in no relation to 
the actual position, Pulsc systems in the high and medium fre- 
quency rance have a great advantage because by using short pulses 
pround wavcs mey be resolvcd without sky travc interference. Belov 
1,000 ke., however, it is cifficult to radiate 2 pulse suf. i:contly 


short to be received completcly free of overleoping sky waves. 
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although sky waves can be used to advantage in routine navigation 
with Loran, they are a hindrance in precise werk. Sky wave effect 
takes over at a distance which increases as the frequency is 
lavered and as the ground conductivity is increased, . The Decca 
system operating in the 100 ke band is affected by sky vraves at 
30 miles and is too inaccurate for precise work at 20 miles. 

The Lorac system operating in the two megacycles region broke 
down when the end stations were separated 60 miles. Figure 18 

is a graphical representation of sky and ground waves, 

Mapping errors are errors concerned with plotting the 
Ship's position on the chart,. It will be recalled that distortion 
of the chart paper can vary 1% due to changes in atmospheric 
conditions within the chart house, Because of the thickness of 
even the finest pencil point and errors of plotting instruments 
the plotting accuracy can not exceed 1,0 to 4.0 yards on a2 scale 
of 1:10,000 and is proportionatcly greater fer smaller scales, 

In addition there ere errars arising from drafting the hyperbolic 
curves on the chart. To avoid needless repetition the reader is 
referred to the appropriate paragraphs of Chapter 3. 

GEOMETRIC..L EFFECTS decrease the accuracy of clectronic 
positioning systems, the loss of accuracy depending on the distance 
and bearing of the ship from the fixed shore stations. Determina~ 
tion of this effect requires a Knowledge of the geometry of tie 
lines of position for the system involved, Of the two basi- z-ytoms, 
circuler and hyperbolic, the circular systems have by far the better 
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geometrical characteristics. In circular systems the distance 
between stations should be equal to the maximum coverage desired 
in order to get the best accuracy, Figur 16 indicates the effects 
of geomtry on a circular syston. 

Hyperbolic systems have considerably larger geometric 
effects, It can be seen from Figure 19 that the center line of 
the hyperbolic grid formed by trro shore stations (a slave and 
a master) is a straight line. Hyperbolas in the vicinity of the 
center line curve away very slightly, but hyocrbolas in the 
vicinity of the foci (shore stations) curve very sharply. This 
diverging characteristic of adjacent hyperbolas gives rise to a 
varying position error in hyperbolic systems. If an error is 
made in determination of the time or phase difference, an ob~ 
server would obtain his position as lying on an adjacent hyper- 
bole. The resultant error in position will vary depending on the 
amount of divergence of the adjacent hyperbolas in the region of 
the observer's true position. Positional errors resulting from in- 
correct time or phase differences increascs with the distance from 
the baseline and with approach to the baseline extension. The 
errors inercase nearly as the square of the distance because the 
hyperbolas diverge while the angle of intcrscection of the tyro 
families of hyperbolas decrease, Figure 20 shovs the effects of 
geometrical errors on hyperbolic systems, It should be notad that 
no point in the arca covered by a hyperbolic triplet syste... i‘ 


an error less than 1.3 times the minimum avorage erra. Fa 


81 





Voy PILI 





VOUNYD AY wt 





ee 





ae 


PASE ET 


The relative errors of tix 


FIGURE 20: 


of hyperbolic systems 
ground waves only) 


as a function of distance ( 





— 2 Re ee - ~~ weer -o- —_—~- — oo: — ~ ones 

: — 

\ ; | 
4 : i 
eal Indicated Fi-; 

‘ Ee es | 
. . a / t 
, a - 
es eee 
VAY a | 
ues! / 
i‘. eS es x * f 
\ oa i_.Maximum uncertainty 
hs | , of position | 
ye 1\ a‘ 
 < Q { 
ee | 
| Nelelnis 2 eenemamaiatas 
poor | 
| Dip | 
Red a ; 7 ‘ \ | 
we é i Indicated Fix ! 
2G a : \ t * 
Ae “<0 ao \, f v 6 
att ate 
s \ \ Poe —? i Cac 
as - = ase 
pe ee 
| ap Se, ae ' : 
= gaat ws ra *, H 
‘. 
a : 
mee <q 7 x mi Maximum Uncertainty; 
yay TOE eemua On 
Master Ne 
a sy Green 
| 
ap 
fel ! 
De | 
| 
| 
-. —— oe ee es ee ey — cei es eee LS A A ELIS RY OEY 2 m8 et I = Ges ee eet 9 me = ee - =e 


FIGURE 21: Relation of position and possible 


bolic system 


1. ee eee oe eer ow 


accuracy with hyper- 





optimum results in a hyperbolic system the vase lengths should be 
NOT less and preferably greater than the coverage desired. How- 
ever, it may be necessary to sacrifice baseline Ilcngth to avoid sky 
wave effect. Figure 21 illustrates the uncertainty of position 

in various sectors a typical hyperbolic system, 

It has been pointed out that the angle of intersection 
has great effect on the resultant error of position. in inter~ 
section of 90° will give the best results, but the angle of inter- 
section should seldom be permitted to decrease belay 30°, in in- 
spection of Figure will show how the error ellipse is affected 
by the angle of intersection, nother obvious error that should 
be kept in mind 1s that the accuracy of the ship's position de- 
pends on how accurately the shore stations were located, This 
is particularly true of hyperbolic systems vhere small errars 


in station position produce large errars in the hyperbolic grid. 


il major surveying agencies now employ electronic systems 
to an incrcasirng extent. The systems used by a few of the many 
surveying agencies are: 

Shorans U. S. Coast and Geodetic Survey, U. 5. air Force; 

and vanadian Dcpartment of Mines. 

BE. P. Ie: U. S. Coast and Geodetic Survey. 

Decca: British, Finnish, Swedish, and many othc” foreign 

governmental agencics, 

Lorac: U. S. Navy Hydregraphic Office, Boll ic ec 

Company. 
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Type E Raydist: Norfolk District U. S. Army Corps of 
Engineers; U. S. air Force, 

Loran; Merchant and naval vessels throughout the world, 
Of the above only Decca and Shoran of the precise systems have 
been fully tested to detcrmine the accuracy of the system. Loran 
has been tested but is not sufficiently accurate for precise work, 
So far as is known only onc study has been made to comparc the 
cost of carrying owt a survcy by clectronic means as against 
visual means. This study is based on fragmentary data obtained 
over a very short period of time with untcsted experimental 
equipment, It did indicate, hovever, that if clectronic break- 
dovms can be held to 10% of the operating time, a considcrable 
Savings will result by using electronic methods instead of visual, 
Therefore a grcat deal more effort snould be spent in fully teste 
ing the various electronic systems including a comorehcnsive time= 
cost study. 

a& beginning has been made by compiling Table III but the 
results end conclusions odtained should be follored with consider= 
able caution because most of the data is either too sketchy to be 
conclusive or is based on the author's limited experience and per- 
sonal prejudices,, One should kecp in mind the old adage to the 
effect thet an obscorver rho is attempting to prove a theory cannot 
be sufficiently objective to produce absolutely trustwortiy uctta. 
The data will be slan*ed in the direction of proving the . -...° re- 


gard less of how hard the observer tries to maintain perfec, cofece 
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Vivi by. 


It is only necessery in summary to point out that elec- 

tronic positioning systems offer tremendous advantages over visual 
methods in the ranges obtainable. There are also overwhelming ine 

dications that electronic systems are more reliable and more 
accurate. i211 things considered, electronic methods show great 
promise of producing more accurate and more dependable positioning 
than conventional methods for both offshore and inshore hydrographic 
Surveying. The ability of electronic svstems to give continuous 

and accurate positions several nundred miles from shore, indenendent 
of conditions of visibility, arc factors of the greatest im- 


portance, 
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6 
SPHCIFIC MLUCTROWNIC POSITIONING SYSTHIS 


A e S b ORWAIT 


Shoran, standing for SHOrt Rulleo Navigation, is nanu- 
factured by the Radio Corporation of dimcrica (ROA) and is a hitch 
freoucncy (short wave) circular systom based on neasurinzs the time 
reauired for a radio pulse to travel from the aircraft or ship to 
the fixed shore — " ‘pbeacons and back. It was originelly de- 
voloocd in 1942 asa navizntional aid to enable a bomber to striko 
its target when the tarzet was not visible from the aircraft. As 
often happens, peaccrul applications arose from the results of this 
wartime rescarch. Shoran is new used for aerial cloetronic geodetic 
neasuremoents, positioning of acrial photography for mapnins sure 
poses, and »vositionin~ of survey shios nt sca. ii new and consider 
ably more precise model was devcloved and called HEIR to differ 
ontiate it from the old model. Hitwn was abbreviated from the 
torm "hich vrecision Shoran" and has beon misinterpreted by many 
as boing entiroly new systoms, but this is not correct. Shoran 
connotes 2 system of transyonded hivh frequency clectronic impulses 
and Miran is only &@ hicher precision model of the same vasiec 
snoran systom. Since Hiren is usually used for air applications, 
this discussion will confine itsclf to the basic Shoran systom 
as used in hydrosreanhic survoys. 


i Simplifiod ordsentation of the elements of th. oonray 


Syeter 1s degietcd in Pigorc 22. The basic covimiat consicvssos 
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a transmitter snd recciver aboard the shio and two stations located 


Irs 


at known points «shore. Onc shoro station is dcsigmatcd as the 
low frcauency station to recocive the 225-240 HC pulses, and the 
other as the hith frequoncy station to reccive the 240~255 iic 
pulses. 3oth shore stations retransnit 2 comnon frequency between 
290~330 MC which aro rocecived st the shiv from both shore stations. 
Sven though identical frequoncics are recoived from two widcly sc=- 
parated shore stations there is no chence of conrusins the pulses 
from cach station vec®use an ontire cycle (ag will be shown later) 
is 2/20 of = second. Since radio waves travcl approximately 186,000 
miles per sccond, in one tenth of « second they will travel 16,600 
Miles. Round trip distanccs arc uscd, so conzusion between pulscs 
will only arise at ronges of 9,300 miles wrich is far in excess of 
the offective range of Shoran cquipment.. fhe distances from the 
ship to cach shore station are noeasurcod in the following manner: 

the ship transmits low frequency oulscs for a »voariod of 
one twentieth of = seeconc. “The transmittcr is fired 1.79) nicro— 
seconds beferc the scro refcr ncoomerk copcars on the cathode ray 
tube. This is to commemsate for the timc for the »ulsc to pass 
through the shore station. The pulses travel to the LOW freavency 
shore station whore they are roécived, amplificd, turned into high 
powered pulses, and aftor a totel period oF 1.79 microseconds ro- 
transmitted on . freavoncy between 290-330 io. 

Thosenceoivorson boerd the survey shém vocoiwes *3c3- pulses 
and sonds them into the indicator position of the cquinro.s. she 


indicator measures the transit time of the pulscs ona represoxts 


: 
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that time in statue milos, Tho measurement can be made to a 
thousandth of 2 mile (5,28)ft) and the accuracy of the mcasurce 
nent is good to # 50 feet. The nizh accuracy of Shoran is pro- 
duced through the use of short pulses, with stcco leadin: cdges, 
the pulse duration being: on the ordor of once-half microsocond, 
The nulse repetition rate is 931.09 C/Sec/100 miles with a trens- 
neering freatieney rangec from 225 te 3300. 

During the next onc-twenticth of a sccond the same pro- 
cedurc is used with tho ship's transmitter of hizh frequency send 
ins pulses to the high frecuoncy shore station. Tho presentation 
in the capho@e ray tube, belie altcmaied cvormr one=twenticth of 
a2 second, his the anucarance of the two moasurcncnts beins dono 
Sana tameousiv. This is) dae to the rcventwien charactcristies of 
both the fluorecscont cathode ray tube and the human cyc,. 

Ares of circles with radii ogqual to the Shoran lincar 


distances from ship to snore station are swung with the aporovrinate 


shorc station as center, The intersection of the arcs is the po- 


4 


Sition of the ship. ‘hore is a possible ambiguity of position be= 
cavsc there will be two pliees of intersection, onc on cither side 
of the besoline connectins the two shore stations. This is of 
littic e@mecrn to thc nivigator becausc the stations mare widely 
separated and the navigator should lmow where his optrating arca 
is in relation to the basclinc. Howover, should confusion cist 
the sycedicst way to rcsolve any ambisuity is to sot cours. °o 
cress unc vesclinc, Une plot or sevire) aaxcs will Gulclee 


tne »roblcm. 
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FIGURE 23: Circular System coverage for angle intersection 
of 30° to 150° 





Althow;h circular systems are not as scriously atfectcd 
by sscometric conditions as are hyperbolic systcoms, it is neccessary 
to insure that the angle of intersection of the circuler lincs of 
position will be between the favorable linits of 30 and 150 degrees, 
This may bo done as follows (sco Figure 23).? 


l. Samer an arc of 2 circle Inem cach station msing a 


TY 


radius cauel to the distance betweon the two stnrtions. The two 
points whore the arcs intersect are the 60 degrac station angle 
VOLNtSe 

2. Swing circles from the 60 degree station’ nele points 
uSing 2. radius so that the circlcs will o2ss throuzh cach station. 
Any ship outside the arce common to both circlcs will heave an inter 
sectionanzle between 30 and 150 degrecs. 

shoran has becn used successfully for hydrosranhic sur- 
woys by the U. 5. Comet and Geedctic Swrvey and for scodcvie and 
photogrammetric purposes by mny other American ond foreizn govern 
ment accncics. I: is cxtremely wecumatc med rclicblomethod of 
positioninz for line of sisht rangcs, but hts the disadvantage 


ox % limited number of observcrs duc to transmission oy the uscr. 





6 
SPHOITIC BLUCHROMIC POSITIONING SYSTHiS 


5s seehel. 


BPI, standing for Zlectronic Positioning Indicator, is 
manuractanod: by the U.tS.Coctst@aaad Geodetic Survcy. It -iseemlow 
freavency (lonz wave) pulse type circular systom combinin: the low 
frequency tims neasuring technioucs of Loran with the circular dis- 
toauce measurin: features of Shoron. In 1941 the U. S. Const and 
Goodcotic Survoy began oxperinents with EPI to atteomp to measure dise 
tances beyond the range of Shoran. I+ was first tosted in 1947 and 

“8S been used in hydrographic surveys since 1950. “his systom uscs 


e e 2 Saj ay 
a transmission frequency of 1,650 KC, = pulse duration of about 50 


microscconds, and 2 pulso rooctition rate of 41 2/3 ovises per scec~ 


@) 


ond. The minimum vracticnl range is 14 miles and dopendable ranges 


under low static conditions cam bo had @eut to 500 miles. Sac suiic 
will reduce maximum ranges to 200 miles. Since strtic is worse at 
nisht, the standard procedure is to survey the outlyinz olaces dure 


ing the day and inboard area at nicht. 


EP 


t+ 


is & uniouc circular system in thet it recuires mobile 
shin cquinment capable of transmittiny LOW freovency oulses and 
moasuring small increments of time which are converted to lincar 
distances by special convcrsion taoles; and two fixed shore stations 
capable or transmitting similer »wulses accuratoly synchronized with 


those from the ships Synchronization is obtaincd at the in + it 


of fix by covalizinz and suporimvosing the »oulscs at the shore 


\O 
Ye 





station. The shipy receives the syrichronized signals ton the 

shore stations, measurinz; in microseconds tne rovad trip travel 
time from shiv to shore station. (The microscconds aro converted 
to cavivalcnt lincar distances by means of conversion tables.) 
With the positions of the two shore stations accuratocly known 

and plotted on the chart, the shin's position can be determined 
graohicolly by swinzing arcs similar to the mothod uscd in Shoran,g. 

The reciprocal of a pulse rovetition rate of 41 2/3 
pulses por second is cquivalent to a distance of 24,000 microscconds, 
the naximum scale readiny without repetition is 9,999.9 micro=— 
seconds but 6,000 microseconds is the practical maimnum roncce 
This corresponds to 550 miles or 480 nautical nilcss. 

BPI is relatively vnitcsted but durinz simulated ficlé 
tosts of 267 obscrvations and 21 observations under laboratory con~ 
ditions a »robnbdle crror of 0.2 microscconds ( 7 100ft) was 
determined. It has beon used with cxccllont results by the U. &.. 
Coast and Geodetic Survey in hydrographic survoys of the Gulf of 
L.ekico and Berin:: Sea ag woll as for moasurinz geodetic distances 
im the micsizan aroaS. Combined with Shoren for inshcro hydro- 
Steal ee Wek provide es:ccll@at accurscy @id covwernco for ori= 


shore hydrogreaphy out to 500 miles. 
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SPECIFIC “LSCTRONIC POSITIONING SYSTIMS 


C. LORAIN 


Loran, standing for LOng RAnge Navigation, is 2 pulse 
type hyperbolic systom devcloped by the M.I.7. Radintion Laboratory 
Garin; tho World War lI for tho purpose of providing a long raheo 
clectronic nositioning system for ship convoys ovocrating in the North 
Atlantic. At present there is complete coversge of the North Ate 
lantic and the North Pocific Occans with additional coverage con= 
templated. The stations are operated anc manned for the most part 
by the U. S. Const Guard, the Sritisly Royal Air Forcc, and the Rogol 
Canadian Navy in conjunction with other agencies of the governments 
of the U. S., Canaéa, Icoland, Great Britien, and Donmark. The 
sveciol Loran tables and hyperbolic charts of forcign wators rc- 
quired in ordcr to use Loran are propared and distributed by the U. 
we Jovy Sydrocraonic Oriicc, Suitland, Maryland; hyperbolic chames 
for srenas bordering the United States and its posscssions are pro=- 
vided by tho U. S. Coast and Gcodotic Survey. The only ecauipment 
needed aboard ship to carry out Loran navigation is a Loran recciver 
and Loran charts or tables. 

Loran, operating on four adjacent frequencics between 1,750 
and 1,950 NC, provides hyperdolic patterns of lincs of position out 
to disteness of 1,400 miles at nicht by uso of esky wavos and to 300 
miles during the day with ground waves, It has an accuracy of £0.2p 


la) 


of the ranze to the station. This system utilizcs accurate measure 


oS 
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menvs of title diffcronccs bewweon Phe arrival of two radio pullso 
sicnils traasmitted by a noir of shore stations sonrated from cach 
otmer by @ cistance of 25@=—350enmmeicol midcs. 

iumerous station noirs (2 mestcr ond a slave) can use ro- 


a 


sotitions of the samc four frequencics by transmittins a slishtly 


. 


(a, 


dirfercnt number of nulses por seconmc. Thus the frecuancy and pulse 
rovetitionvratcs ere the distingusein” charectemmetics of the™vanious 
Stevo Domes. Ly thre: smivch™ secures the Loran Peceiver "enn Wwe 

sot to omy or tic Proanct. oS cfd. con So SYRenrorizervith yy of. vme 
oviIss Tropevition Tatece 


ONC LACOMPae si 1s cme viewed of. cOthedeers, Supe, ar= 
Her SVItevl ec cLeewPoric Bini ylation sad mosnivicetion Go thal Gee 
‘yeisios @Canebe clearly ston. LAY two Simms wtroihmoncesstationepeer 
@ovstounes om tha cataode ray tubo ~nca isolnicd from sizzels dam 
enowotner Stations. The two pullsesearm teen suncrimpesed amd the 
left sides of Grempulises careiwliy @otened. Tho tame dolay ce- 
CUMMOC SO SIRIGTlimesc tic signee cen bdewdcvernined by neadumaae 
en toroc cmidioratod Semlcs on the ollie: modcls or Sy readiae 2 
Geet Sltapea vO @ S™CetmeICc UCT Of1 TNS migvom SCUS. 

A> immortant »rinciplo of Loran is that tne signals are 
2ot transmitted simcltancously from tna mastor ana sitve svations. 
ne sieve sisnol is not trmnmsmitted until the "corrcsrnondimg@ master 
Suga HeS Vocn Teecivod mt vite slavo statioi. “Them am orbitrary 
but nccnratelr controlled «clay is added so that the mastic: si gi 
4g always recoived first vocnréloss of the position of tne shiv. 

og 


Svnchronrzetion iS maiinveance won a “fellersace of = 7 
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microseconds. If fer ony reason this tolcrance cannot bo naintainad, 
*#he transmitted signals are blinked on ond off to warn navigators 
that the signals are not synchronized. Scparate monitor stations 
also kcep continuous watch on the transmission. Only severe static 
(such as magnetic storms aad heavy precipatition static) or clectronic 
f-ilure con hormocr or prevent use of Loran. 

for those who may be intorested in the simple mathenatics 
behind the above discussion, Fizure 24 should be oxomincd. The num 


pagwiomuame to tuavcl from the nage: 


cy 


por or nereseconds it tales 
to the slave station is denotcd vy 2 
Tz is the time reauired to travel fromthe slave station to 
the ship. 
ta is the time required to travel fron the master station 
to the shine 
5 - qT is M@no wine digtercncea.- if the shia is avarer 
s tation \.ande- i fonoarorestataen 2: 
since the sulises hoveovadentical clwctremic chapsieteric pics 
it is inmossiblo in »oracvice to determine the sisn of tne time caif= 


ference ond this introguccs on cmbiguity. Im Byperbebic sysitemsea fiven 


= 
oO 


time or phase difference will locate the ship on oither of t 
hyverbolas symmetrical to the center hyncrhola which is a straight 
linc, In Loran this ambirsuity is vosolved by having + 
St2ci0n Teemsmit Later than the mesver, 

Let the intorval of time from the omission of ° .ulsc igem 


the mastor to the omission of the noxt pulse from the slave be the 


absolute delay, D. Thon the time difference at the snin TD is greater 


ee 





ae lig@gaetaon D by the mommy st@ci1on B is ncarcr or farthcr fren 
the ship than Station 4, Therefore, 
iD - D+ (T5 _ Bin). 


slave 


rs 


Deomenuwee on Wlicre the shin 1s an roiction to the mastor o 
= [oa dt 


stitions the ovantity (Ts - T,) can vory fron; ee ay » Therefore, 
if D is” ereaner than 2 » TD will always be positive. This moans 
that the pulse from tho mastor, a, wovld always be roccived before 
the pulse from the slave, 3. 

To Pilentify the r@@eived simmals os co@izn. from the master 
or slave, the slave maintains its transmittcd sismal in synchronizate 
om with thet frei the measter station. Wor inst@aice, if tho time 
seduence nos Sltermatcly cnitved by a neir Te miewens ctcy then thc 


iterval between successive A's or successive 35's 


isscaled tho repetitioneinverval, i. 8Hc travenission intervedeias 
AB and corrcsponds with the absolute delay, D, which must be less 
than L. The reception interval at the ship, AB, is the same as the 
time dificrences TD which variiesewith the lecation of the obsiervenms: 


prevent ambiguity in idontifyin~ the received signals 


2s comings from the mstor or slavo, D is mado of such lenzeth that 
a § » 
L oe ah ay: > ; 


This causes the interval betwoen tno reception of the master sisnal 
A ond recontion of the slave signal 3 to be everywnicre ercatocr thas 
the interval between reco Melon O02 TiGeslavo.ca. 
of the noxt master sisnal. In othor words, it makes e¢ rtoin: 


1) The master is on the woper traco and the slave is on tho lower 


im@ace and 2) Wine slsac Sl@gal ond tne Bee Mister sisnal cashes 


9c 
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appear on the vewer rec... Ce sim. 25. ThisPean~ de written 
in the form of an cavation so thet the followinz conditions must be 


fubtilléd: 


a 


: 
wy e e 
D Ae - : fy where \ is some arbitrary 


Linemanicrvoelewithin Hic laimi tse0eto 5 2) ondebe=lmowneas tHe 


codin;; delay. 

ieouslie Bey 
o ’ ; ¢ fem 

Therefore, the absoluse dela, 0D, equals 5 a 7 


and the fundamental Oran covation may be written: 
as ie 
“1 L > ~ ee & 
wD os 3 f-X i Qe (T, _ i) 
The completo eycle of cvonts can be followed from igure 


25 which shows the actual scone eresentation. “ach trace is cqual 
to y Tho split trace prosontation concels the L/2 velue used in 
the formula for Actunl Timo Difference (ATD). The Indicated Time 

Diffcrence (ITD) is the differonce actually measured on the scope. 


4 a Yelerta! 


Reacngs at the mastcr must be cqual to at — pecnuse fT, 


2 
will bo 0 and T. will be equal to\ . At tho slave cad T3 will 


be 0 and T, coual to’ to give o roading of + . “biethosreadine 
at the master station is net 2(° 7 > or if tho roading at 

e e Ce 5 ’ e 
the slavo station is not | thon the systom is not in »vroocr 


synchronization and the signals will besin avtomatically to blink 
on and off. The slave station thon mckes the necessary adjustments 
vO 1tS timin= coudpment to restorc the vrop.r readings. ‘there is 
Uns Wo constant chacels Or ltsservice Acciggsey Ssance 12 tie teaches 
arc COrrect Qt tha mestor and slave stations, they wil] be “correct 


througsmout the service ores. If the readings arc mot correct the 


pulses arc blinked as - warning to navizators to not usc the signals. 


er 





Duc to the great distances involved in Loran novization 
corrections must be applicd in constructing the hyncrbolic srid 
im ofdor to 2llew for Gesartvremef the carthay from sphorical to ob 
latewsnhicroieanl shame, 2aesioweorrections bocome necessary at 
renecs of abeut 100 miles. The proceedure is to convert the planc 
hyperbolas to spherical hyo. rbdolas which are then correctod for 
Ovlatcness Of Unc CarUn vy SUiltaere cOorrecvLon iactors, <All of =the 
necessary computations are done by hich svecd clectronic computors, 
another wreat advance made by the clcctronic industry. 

~lthoush Loren is not svufficiontly accurate for »recise 
coc.stel hydrogrenhic purnoses, it is on excellont method for rou- 
tine Neovifation om tac high sce@@, lt 1S also Cxtramcly uscrvl fer 
hydrosroohic survoyin:: in the open ocean where nore precise control 
is not available. It is uscd to good advantage by shins controlled 
by the U. 5. Navy Aydrosraphic Office for control of occanogranhic 
surveys and for developing supmarine topogranhy by ccho soundings. 
Sho inaccuracics of the system arc duc to the desis characteristics 
G2 tic Cleeuzenlc COMmMOONCHLS. Lrorowea GCaglf. Con increase luc 
accuracy theametically to - Qi@eneutical miles (seo Gieure Tiers, 
and 20), but wovld probably cause it to lose most of its valuc as 


a navigational method duc to loss of sirmlicity of opcretion and 


ChSO OF MAINvCionece. 


az 





6 
SPICIFIC SLECTRONIC POSITIONING SYSTIMS 


D. Dec 


Decca is an cloctronic system manufactured by the D.cca 
Navigator Conpeny, Ltd., 1-3 Brixton Road, London 8, W. 9, England. 
It is based on the vrinciple of measuring: phase differences betwoen 
continuous wove radio signals roccived from 2 mastcr and slave 
station to give 2 resulting hyperbolic line of position. Hany of 
the principles involved in Decea apply to other continuous wavo 
hyperbolic systems, such as Lorac and Raydist, These orincipvles will 
be explaincd in this scction but will not be repeatod in the later 
sections dealins with Lorac and Raydist, 

The Decca systom was invented in 1942 and put into pro= 
duction aftor tho end of Vorld War II. It has becn tested by var 


pantiets 
tt 


lous, dcWartmonts of the Bratish, Danish, Dutch, Finnish, Freeh, 
and Swedish governments, providing a detailed cvaluation of the 
possibilitics of using freauencics of the order of 100~-340 KO for 
short and lon~ range novigation. for routine navigation purposes 
the arca of coverase is not as zrent as Loran, beins 240 noutical 
miles at nizht and 600 nauticnrl milos by day. Howovor, it is ex- 
vromely precise, has cxcell- nt repeatability characteristics, and 
is bolme wsed to ereat @dveanta-c for >recise surveyin=. 
Coverage for the Decca sygtcem is provided by threc 

stations: & central master and two flanking slave stations. Ina 


typical pair the ohase of the continuous wave transmissions fron 


the slavo station is lockedto that of the reccived mastor signal 


, 


S 
_ : 





and thereafter phasing is maintained automatically. In ordcr for 
this to de satisfactory 2 relatively stronz ground wove is required 
from the master, which limits the distance betwoen master and slavo 
Stations to 7Owmiles.  Thesmethed of locking the sleve's signal to 
that of the mastor's is to have the mstcer and slovo always transe 
mit out of ph-se with cach other in such a way that the nmastor!'s 
radiatins phase is 360° = #, whore Gy is the phase orriving at the 
slave station. This trizgors the slave so that it will radiate at 
a phese of 360° — g,. lWhon this wave from the slove arrives at the 
master station it will be in vhase with the mastcr, locling the 
Systom to give a rigid nattcrn of hyperbolas. To correct any chase 
variations that may arise a special monitor station is sct vp on 
an island or in & distortion freo arca away from any stray radio 
waves or other sovrees of cloectronic inforoence that may introduce 
errorse The operator atthe monitor stationc an change the phase 
of the red or grceon slave stations so that the pattern will be 
CONGO s atiswinsmrcsmconsilcic phascLocsinge 

In order to comoarc the whases of the recocived signals, 
cach station transnits woon a scparate froaqucncy which is nulti- 
prTeca by the Dee@es *regeivor ig, such a mauncr that the incoming 
Sismals from oach pair are automatically moasurced at the lowest 
Comion Narmontic collcd the comparison Treavencics. “Those Preqneneim. 


employed ere: 


TAVSUL TPAD MULTIPLICATION COMPARISON 
STATION FRUIOQURICI BS TAC TOR FRUIQUENCY 
Unstor 65 xe h 340 XC 
Red Slave ae 5 nC 3 340 IC 


LOH 





TRAM SUITED MULTIPLICATION COMPARISON 


ST AREOT EFRUOU NCIS FACTOR FRUOULNCY 
Master S 3 a9) x 
Groon Slave 127¢5 = 2 255 ae 


tne PCCclver colipsr igen Lrequencics arc made hi=her’ than 
etre sri ved freGucteicsemuy tho Peeters, 4, 3, 3, Ohad 2 in ordor 
to Ct More @ecuratoc neasvurcncenys For ™rcadin: vhasc diffcorcnedcs, 
because the lanc separation for highcr freaucncics is provortionatcly 
less which reduces the finel crrors in mneasuron onts The manvuiaeturer 
claims that a Dccometer is capable of distinguishing phasc diffor- 
cnces of about 3 degrees which is about 1/100 of 360 dvgrees. This 
reeslte in theesystenmbeink abo toe distinguish aedif fereneosot 
1/100 of the wave length of tho comparison freauency. Along the 
base line this results in on ncecvracy of about 7 15 foot. 

One complete cyclo of 360 dogrees is tormed - lenc, and 
is equivalent to 2&2 distance of one-half wave len-th of the com 
oarison freovency. <\lonz the bose line lencs are soparated by 
avous Ly 700 BOCts 4 Mocca reading Ais "comaosca of threo porte: 

Tne 2oneo letter indmeetin. hoe zone lotmon in Pio arca; the 
léne numbor, and the decimal subdivision cquivalcnt to the »vhase 
reading, A typienl roading mizht be 3B 13.18. 

hike "all hyocrvolic systems the linsar scnaration or whe 
lines of position incr _cses with distance from the stations. At 
Six bascline lengths distant from the iniddlc of the base line the 
lincs are twelve times farthcr anart than along the base line. Wit 
ae5o mnilesmeso Tino the distenco diticienco distin-visneplc alten 


the base line is 15 foct, but at 300 miles it i@ 160 foot. Howewer, 


IS 





a. range of 300 milos the hyperbolic lincs cress at an angle 


cy 
ck 


of 10 degrees which will give a parellclogran of fix 360 fcot wide 
ome 3,000 PSSt long Wm the direction of the lincs of »osition. 
Lane identification is a problem which plngucs 211 con 


tinveus wave hwperboelic systems. Sicc phise di’ forence is tho 


quentity measured, all lanes Deck @liikc ond «| receiver could bo 


in anyone of a number of locations which would give tne sane »vhase 
dizfeorence ratins. ‘The mothod veually omployced for lanc identi- 
ficatiem isto sat the necciver dial regdin-s to the oroper velucs 
for a known point when the ship is at that point (such os a« moored 
buoy, ond of 2 olcr, ctc.). Then as the ship later moves about 

Lo sarea wae CiMMs will cutometically rocord, the proper zcnc ondwieue 
chansces as woll as the cccim:‘1 subdivisions dctcrmined by the phasc 
dizicremec. if, however, tho si#ecl is lost @uc to intcricroncc, 
breelzdown, sky wave crfrect, ctc. ond the ship has noved during the 
voriod of interrupted reception, it will be necessary to retum to 


the calibration point to rosct the dial readings to the corrcet values, 


- 
— 


= | e 


D@@ea, sitm@els Weve been reecied out to cistance of 1)G09 
moles Dub an order to roncim within 22 arces of raesonaplo inven 
seGtion of Whe hynorbelic lin@s (15 decrees or qpeattr) 2 wakec OF 
2oOmmeutwes) miles for . 50 wile bose Tine is dent the most tages 
be exnccted. -Littlo sky wavo intcricremee is observed at night ome 
to 100 miles but bearzrond that distancc the results become incronsingly 
less acewratc watil at 240 miles the system breeks down duc to ei 


wave criccts. 


The operation of the Becce system is illustrated in Visure 
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FIGURE 26: Decca System 





26. ic mastor station Pedi aves oa Conmtinuous wave sirmel of 
85 KC which is received by the recsivers of the shin and tho two 


— 


slave stetréns. hese reecivems meltioly the frequetcics Br the 
faetors shown on the sketch, ho roc slave s tation tronsnits to 

thic Ship at the increascc froanemey of 113.5 =o amd the ercon slave 
transmits at 127.5 iC. These freaucncics when riiccived at the shin 
are magnificd by the aporovriate factor so taat the sigmal from the 
red slave Will Be imercascocd to GO 20 mand tho esrcen sizanl will ve 
imgeeascn Loree fue oimco tho sips Arsiittod alroetly from tne 
mastor station to the shiv had beon svlit and increased to 340 i 
ond 255 KO it is now possivle to compare tno »wh'scos of the comparison 
fre@ucnci@s. Tho pnesc dizicr@iicc or the sigwel from the red slave 
and the mastor will be measured at the comuon comomrison Frecuency 
of 340 XC and the shase di-ferenco for the gsrecn sir will be mon 
sured 2t the common comparison freooucncy of 255 iC. 


=o 


Deeca is used cxtonsively for ship navigation in the ong 
lish Cnennel and off the Scandinavien rominsulie. Howover, it has 
CVn MORSE UuSC Gs ® prccis#en Micthed for eoertrol of Mydrogrephic 
Surveys. it mas 0c. thesomemy tostec for crrois and Tovmed to 
hove a standard ocrror of tT. 25 feot. On this basis it has beon 
used succossfully by the Sritish, sinns, »orwegicns, Swedcs, and 
amy otncr forciz; @ovcriments for survovieg considccrable croasvoe 


vic Geese, OF the srecisc lome resec cloctremic systems uscd rome 


tho only one that nas bec thereucar, 


4- 


fe 
9 


adrogranimac surveys, ccc 
tested; it is not oxmensive; and is on 2 production bisis so that dc-— 
tivery can gasily be mado within slg”moatis of receipt of oi Conumegs 


order. 
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SESCLPIC BLOWS POSEEIONING SYSTHNS 


GEG, StONGigee Tor LOO oe curocy, is monuractured 


by the Seismosraph Services Cornoration, >. O.- Boz: 1590, Lonnedy suild— 
ing, Tulsa 1, Oklahoma. It is a pnasc commrison continvous wave 
hyperpdolic syston besod on the »rincinlc of measurin; the phase dif- 
Terence boatwees the signals omitted b> two continuous wave shore 
tYOUSHi Geers, 4 Mebillo roccive cnrrried avosard the survey vessel 
vrodvuces & phase difforoenca meter r Adin* which dcotcrmines the po- 
Sition of the roecciver with resneet to a family of hyperDoles. 4 
SeGemaepatz o: stations iseso situateds thas ifs nyperbdolas will inteor~ 
Sees thdiee of the first nase, formingsc agegid. Uhe central station 

is comion to two pairs so a total of only three stations is necded, 
acsisantcd ned Sie Voge: Ooheme one Creamy Sine. 

Lovac solves the prodlen of synchronizction, or phase lock= 
img, of the transmitters by. wmiocuc system of transnittins o modulated 
MiGre denice! scion. forme uh so.uconpanison, vurpes@se oy hayingegeder 
Sslgve Sttcton Act as rofotence station for tne ether, syeichrontzation 
is obtained (as wo shall sce lator) without the use of any additional 
nonitor stations. nstera oO] reeulAr Continuous weve wneose [noice 
ths shasc of a Noterodnce bont note in the audio rance is uscd when, 

according to the mnufacturcr con be measured to an accuracy of 3.6 
deerees, Scorresnonaia: bo C. MOVelcit Of £ 7,5 icetaion. tHespoce 
12G.- 2826 4S 8rrivod at br the tollowin= Yecsoninc: s@or arveqvenoues 


Om tic Order-at 7,000 20 the yaerve Llowtheas 
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On the base line between transmitters, one-half wave lenzth is one 
lano and is approximatcly 250 fect in length, constituting a phase 
shift of 360 degrees. Since this can be read with an accuracy of 
il 326 degrees, an instrumental accuracy (Coxcludin: propagation 
offccte) we 1/100th of 250 feet, GF = 2.5 Icet, ieerensonmmble’ to 
expect, This will be degraded in accuracy as the ship moves away 
from the tag@plince, in accordanee: with thc gcometricel cifects for 
a hyperbolic systom, 
The nethod of accomplishing the mcasurcmcnt of »yhase 
difiicwence ais rolatively sinplo angpreegree, but. is datficuliato 
xplo2in with words, Carcful attention shovld be naid to Figures 
27 anc 28, and cach step carefully followed. To begin with the 
vasie syeten, Prsurc’27: 
Transmitters, Ty and Dos located at shorc positions 1 and 
2, omit continuous wave signals at freavencics fy and. D5 respectively. 
The difference of these frequencics, (f, = fo). is an audio frequency. 
The signels are reccived:t the ship on recciver R, and at shore po- 
SlitioOnea lee. rceceimen Bas hetcrodyning in both reccivers to produce 
the avdio deat frcauency (f, _ f,). The beat of recciver By» (fy _ f,) 
is used to modulate troensmitter Ty operating at a freaucncy Loe 
Receiver BR, on the ship demodulatcs tho signal f, and obtains the 
boat frequency (f, = f.) also called the reference beat note. This 
reference boat note is yhasc commored with the audio boat frequency 


or tho ship's recciver Ry, to give the required phase diffcrence readings 
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Transmitters Ty and To are continuous wave transmitters and 
To is on amplitude-modulated transmitter. 


FICURE 27: Lorac Basic Syssem 





“ach of the two beat frequoncies arrives at the ship 
with © oh@sce voluc governed by the difference in the distances 
mic OTl simeilecirriers have tYawcbed befo6ro reaching tho hetcrodyn- 
ig VYeeegivers to -orm Tho Neev NovCss Wc best notc, transferred 
to the shio as ©% modulated carricr, has a phase valuc which is 
constant regardless of the position of the shin. Sccause of this 


irerercncse peat note’. ‘cho 


o 


constanv™sheso"veluc itis called 
heterodyne beat note reccived on the ship's recciver Rp directly 
from transmittcrs T, and To has a vhase value which is dependent 
on tho relative distances petween cach of the shoro transmitting 
antemias and the ship recoiving entenna, If slicht clectrical changes 
Ske plmcewat other shore transmitter resulting in variations in 
phase, both beat notcs will vary an covel: amount so that the cffocts 
Wilt be cancelled and tho phcso netcr reading will not change. This 
important feature complotelv obviates jphasc synchronization problems. 
"nGe “the shipaevres eo titre vis a Chamge Tn its relative 
distance from tho tyvo shore transnitters the shaso valuc of the 
(f£, - fo) beat note at rocoivor Ry will change but tac phase value 
of the rofer.nee beat note will not change... Consccuently the »hase 
meter will rccord the change in phase rclationship between the two 
beat notes. 
If the ship continucs to move relative to the two trans— 
nivters the Bess will Gisn<c vtil + complote 360%Geroe phase 
ehdnco Hes teen pieec. Ht Viet tio @n Witosratin: counter moche@iicemz 
in the’ ohase"ncver adds or sultracts a -disit’ to indveatc thatevhessmis 


has ontercd a now Inne. The ohosco meter continucs to indicate the 


Ree 





position within the now lane, If the movin: ship is stccred so 


Wiens aS Vowchence in he recaine of thomphesc never the course 


2Ollowed will be clome ome of the hyperbdoles of the coordinetc system, 


-s 


oO 
t 
f, 


The eatire instrumental systom is conplcotcly duplicated 
to give two fonilics of hyperbolas which intersect cach other. 
This is fewotho basic dosienr. The actucl preduction model , how— 
ever, contains mony immorovencits while still Yollowins the sane 
ViGie mE INcialcos. Byaplevidineg @ Bwitenia- devicc at the commmal 
shore station (master strtion) the independent reference transmitters 
arc ciain-ved, Icwer Peccivers are roquaired ovear@ ship, cnd the 
Oxura referenec transi -tor freduercy chaamcis orc not reauired. Ghee 
systom, ~Rerevore, furetiens on Wo meeovemey chasmicls 7H roquires 
Only sroumw transmitters ond two rececivers to cstablish c hynertolde 
erid, .\ nair of reccivers and a nair of phaso meters is all that is 
reguircd Yor cach sounding vossel. 

~Lgure 28 illustrates the operatiem of Lorac Tyno A smetan, 
ieoacuis tors «aend B atwthoecontrabiesone stacion arco alvemarom, 
Sui CehCcd On aad of imby 2 smitablo switchimae dcevicc. The solid Pings 
Qgeret thonsdemiticanit rediations dorins the cirst halt wisthe 


ho cqosncd tres 


f= 


switchinzs cyclo when trazsmitter A is tronsmittiny 
snow the significant cmissions durinz tho second half of the switch- 
ing cycle when 3 is tradsmitting. “he sccond hcelf of tne cyclomwimer 
be omsicst to folla’ since it corresvonds in genorel conficuration 
with tho basic systom, (Tisurc 27). Transmitter Ty serves %s the 
NeveroOdyeins COMoMene nt OF TESesnitver ss) during tno Ltirst hoadkegor 

tic cyclo and as a °rerercico transmrutcr to convey the rcicrésec sesz 
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FIGURE 28: Lorac Type A System 





imeeucncy of thc othor *ranenitper nae to the Ship during the 
secenc helf ecyelco. Tronsmitter Ty Herzorms the simc suaewiliens Lor 
mic Otnor Nolt of tho System Mm@t an tno roevemsemeyclicalm order 

In comion with other continvous wave phasc coroarison 
systons, the Lorac system is a difrorontial disteanco measuring syston, 
Onseentc diistoncesate the trensmittcors bcingogive indi: cctly. 3ciore 
undoertalzin: to nevigeteo with this systom the phase notcrs must be 
sect to indicate the proper nhasc relationships at 2 known location. 
The phase netors will assume the correct phasc »vosition within tho 

ene (decimal values) but tho correct lane numbor must do cranked 

in the phase mcters. If it is desired to operate daily on 2 24 heur 
basis the Lorac end stations should not be soxmrated by norc than 
55 niles. B3erond this sconration cdistenco the crfcects of sky waves 
introducc errors. 

Lorac equinoment has becn used with cz:ccllent results by 
the U. S&S. @avyenydrogre xhic Officc for procise chonncl survoys in the 
Porsian Gulf and for hydrogronhic survoys in the Bahamas, and by the 
Bell Tolephone Comonny for cmble laying in the Caribbean Sea for the 
UsoS. Liv Forcescuidedumissiic testuranco,. It is untermtiunntemiateie. 
syston has not deer fully tested as Decca and Shorane However, ox= 
voricnce of survey ships oporatin;; in the Porsian Gulf under the con 
Geol of the U. S. ow Hydroeranhnic Civice@snows that the relative 
acctrnucy of peSitiowing WS octtcr than the possible plotting accuracy, 
A shi-y) channcl survey 2bout 50 milos from the shore stations was com 
ploted successfully with soundings lincs spaccd 50 rards apart on a 


scalo of 1:50,000. Slight changes of course by tho survey ship were 


ae 





immediatcly dctccted by the Lorac controllcd plote ‘This system will 
be a very uscful method for »rcecisc worlt as soon as it is fully tested 


to discover the crrors involved in the syston. 
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Rui YDIST 


Raydist, is manufactured by the Hastings Instrvu- 
ment Co:many, Inc. of Hamoton, Virginia. It is a phase con— 
~.rison continuous wave hywnerbolic system that is extremely Tlex- 
ible and can be set vp to give many different arrangements: 

a) Hyperbolic ranging with avtomatic recording on 
shore or on the mobile station. 

b) Hyperbolic vositioning based on vhase difference 
detween signals emitted by mobile receiver and 3 shore stations. 

c) Eyperbolic oositionin: based on chase difforence 
vetueen signals emitted by two or more »nairs of shore stations, 
This system permits an unlimited number of users and is employed 
extensively for off shore oil exnloratione 

d) Circvlar ranging systems. 

In any of the above set ups arrangements can be made 
for avtomatic recording of oositioning on the movile receiver, 
at one of the shore stations, »r on both the movile reccivor 
and at a shore station. This remarkable flexibility and 
adaotation to different reouirements makes waydist an extremely 
valvable system for a varicty of purooses. <t is usec for 
“cceotance trials of now constrvction ships in determining 
sneed and manevvering characteristice of the snips; for track- 
ins; guided missiles; for cavle laying; for off shove oil ex- 


jloration; and for hydvogranhic surveying. 


mA, 





Rayaist solves the problem of phase locking by use of 
a reference station permanently located in relation to the three 
fixed main shore transmitting stations. An vnderstanding of the 
princivle of operation can be had from an inspection of the 
schematic diasram (Figure 29). The transmitter avoard ship 
(mobile receiver} transmits a continuous wave signal at 2.068 
mc which is received at the Red and Green slave stations and the 
master stations, (designated the Yellow station by the Ianu- 
facturer). A reference transmitter located at a known fixed 
position with relation to the shore stations also transmits a 
continuous wave signal at 2.0072 mc which is picked up by the 
three shore stations. The receiver at the Red Slave receives 
the signal from the shin ond from the reference station and in- 
troduces the resultant siznal to the Red transmitter. This 
signal has a definite phase dependinzs on the distance ditference 
of ship to Red slave and reference stations to Red Slave. the 
sisnals is modulated and transmitted from the Red Slave to the 
ship at 29.720 mc. Similarly the Yellow receiver handles the 
signals from the reference station and the shin, introduces the 
resultant sional to the Yellow transmitter which transmits the 
modulated sisnal to the shiv at 29.760 mc. The phase difference 
between the sisnals transmitted by the “ed and Yellow stations 
locates the ship on a ted hyperbolic curve. Similarly the phase 
difference between Green and Yellow signals locates the ship on 


a Green hynerbolic curve. ‘he intersection of the two curves 


LV 





determines the ships position. It can be seen that any error 
of transmission from the ship or the refercnce transmitters 
will be reflected in the phase transmitted by each shore 
station so that while the absolute values will be in error, 
the vnhase difference will be correct. This insures phase 
lockins of the systen. 

The description above (Figure 29) is a general 
description one one of the basic systems. However, by locating 
the ship's transmitter at a reference relay station the trans— 
mission by the mobile rcecciver is eliminated and an unlimited 
number of users can work on the same network. -ach of the trans- 
mitters can be made to differ in frequency from the others in 
the system by an audio note. Radio frequency phase measurencnts 
are reduced to audio frequency phase measurement by the heter- 
odyne signals between the transmitters, ercatly simplifying the 
problem of commaring the phase of the received signals. ‘the 
transmittal of audio beats between the transmitters results in 
audio signals being received at the fixed relay station and in 
the shiv. The beat notcs between these signals remived at the 
relay station modulate the relay transmitter which in turn 
broadcasts to all shins usin: the system. The audio notes 
received from the relay stations arc comoared in ohase with the 
avdio beat notes received directly from the shore stations. 
tie phase dirierence Tocaves the snip on 2 bypervolic line or 


position. 





As with other phase comparison systems, the nhase 
meters must be sect to indicate the »rover phase relationsnip, 
at almown location. The problem of lane identification cain 
be resolved br use of additional frequencies or vse of addition- 
al shore stations, but cither systems results in such an unwieldy 
and cumbersome systom that the navigator can become confused 
with excessive number of lines crossing cach othcre 

Raydist has been used successfully for hydrographic 
surveys by the Portuguesse Navy and by the Norfolk District of 
the U. S&S. Army Corns of Ungincors; for ship acceptance trials 
in the speed trials of the 5. 5. United States; and for missile 
tracking and cable layinz for the Downrange Survey for the U. 5. 
Air Force. It is a marvellously flexible system with @ varicty 
of applications. It also ms not bdeon adequatcly tested but 
thelittle test results avedlablco indweatcewthat it has an 
accuracy of at least ¢ 50 feet within the area of operation out 


* 


to a range of about 100 miles. 
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TABLE III 


COMPARISON OF VARIOUS POSITIONING SYST Wis 


Exolanation: This table was originally desigticd to conmare on 
one sheet the various characteristics of the dif- 
ferent systems diseusscd in this report. However, 
such a table cannot be reproduced on = normal 
carriage typewriter. In the absence of any other 
moans of reproducing the table, the pertinent data 
for cach system is published on individual pages. 
Jor the most part the table entrics are self~ox- 
olanatory but note should be taken of the follow- 


Lng. 


Observed error, ox error claimed by manufacturer: Observed crror 
is used wherever a systom has Doon adequately tested. However, 
since some of the clectronic svystoms have not been adequately 
tested the manufacturer's claimed accuracy for those systems is 
used. these error values should be comvared with tne theoretical 


Voulwes taken trom Figures 15, 16, ond 20. 


Portability: This is a very imvortant factor for survey grouns 
operating in rcmote areas away from roads, picr space, or other 
ransnoriation facilitics. Therefore, in any system the LARGEST 
component of any shore station should be small cnoush to be car- 


ried by a jeep or by an ERS tyne hcliconter. Needless to say, it 


ze 





(Table III) 


( COMPARISON OF VARIOUS POSITIONING SYST*$ ) 


should also be able to be offloadead by small boat, and Light 


cnoush to be casily handled by a six to eight man workinz party. 


For boat work the cquipment rcauired for positioning a sound 


boat should be small and ruggod enough to be used in the boat. 


Cost: The following hypothetical assumotions were made in arriving 





at the rebetive cost: 


1. 


Le 


The area to be surveyed has 50 miles of coastline and 
is to be surveyod as far to seaward as he position— 
ing systen nermits. 

The survey group will bc composed of three ships to 
do the offshore hydrozraphy anc Your sound boats for 
the inshore work. or such @ grovp a total of seven 
receivers for clectronic survcyins or twenty-one 
sextants for visual surveying will be recouired. 

For visual sextant control the spacins of main scheme 
triangulation is @ tripod signal cvory four niles 
along the coast and four miles inland for a total 

of twenty-four trinod signals. The spacing of second— 
ary sizn&ls is evory 3/4 Mile alongs the coast for 3 
total of sixty centcrpole signals. Jlectronic sur 


veying rceduires a main scheme triangulation net with 
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(Table III) 
( COMPARISON OF VARIOUS PCSITIONING SYSTTUMS) 


a trived signal avowt ovary twolve milos for ea 
total of ocizcht trivod signals. 

L. The cost of various basic items: $450.00 for cach 
sextant, $30.00 for cach trirod, ond $20.00 for cach 


centocrpolc. 


124 





(Tablo III) 
(COMPARISON OF VARICUS POSITIONING SYSTTIS) 


CELNSTIAL OBS "RVATION 
Masimum range: Good all over the earth's surfacc. 
Observed orror: ms +0!.2 (+ 1.200 foct), a =/0'.56 (3,960 fect). 
Wumber of simultancous usors: Unlimited, 


Portability: Yor precise work the only cquivment needed is 
1) Sextant with endless tanccnt scrowe 
2) Broalk circuit chronometor and recording chronogreoh 
checked by radio time sisnals. 
3) Dmphermis or svecially pronared almanac. 
4) Special large scalc charts for plotting results. 


Advantages: 
1) Can dctormine vosition anywhere in the world independent 
of sncocial cloctronic cduipment. 
2) Unlimited numbor of users. 


Disadvantazes : 
1) Bannot be used during darkness or docroeasod visibili 
2) Unsuitable for procise surveying because of the untrown 
errors involvcd. 
3) Only sives two fixes per day (woathor veormittins). 


we 
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(Gants! 111) 


(COMPARISON OF VARIOUS POSITIONING SYSTIMS) 


S=ATANT TRRED—PCINT POSITIONING 
Maximum range: 10 miles from coast. 


Observed crror: 210 yards at scale of 1:10,000 and provortionately 
sreatcr for smaller scales. 


Number»of simubtancoussvusers: Unlimited. 


Portability: Only ecavipment required is two sextants, threoc-arm 
orovracypor, and regular plotting CHart. 


Installation time: About one week to establish first ovadrilatcral 
of triangulation net and to cut in secondary si-nals for use 
by Sounding craft. 


liaintonance personnel: WNone,. 


Cost: For a 7 sounding unit survey groups 





21 soxtonts 8 9,400.00 
7 protractors 700.00 
triansvulation signals 2: 000.00 
Si25200,.00 


Advantages: Quiek, simple, casily understood mothod »nroviding 
adcaouate accuracy for routine hydrographic survoying. 


Disadvantazes : 
1) Limitcod range. 
2) Restricted to periods of good visibility. 
3) Not accurate cnoveh for vrecise cnble laying, suided 
missile, or minc laying work. 
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(Tablo III) 
(COMPARISON OF VARIOUS POSITIONING SyYSicts) 


SHORAN 
Boeae Claas: Circulars 
*reavency bond: 225 — 330 MC. 
type of Yransmission: Pulse, 
iiethod of time measurement: Distance between pulscse 
Maximum range: Line of sight, aAoproxim.tely 20 noutical milos. 
Obsorved error: m=i 24 ft., a= 79 ft. at 100 miles. 


Minimum overage error of fix (Figure 15): £ 50 ft. 


Avernge error of fix as function of distance (Fizvre 16) for 
De= bascline :  t Gi tees 
D « 2x basclinc ¢ 2. (Ge dar. 
De 3x boscline : i170 ft. 


Nunber of simultaneous users: Limited to about 3 with a fix cvery 
3 minutcse 


Portability: Shore stations weigh about 1,6000 pounds por station. 
Me bilkicst componcit’ is a mast box measuring 132" x 20" ca 
and weishin: QM: vounds, ¥he heavicst itcm is the transmitter. 
woighing 230 pounds and measuring 38:5" x 25" x 20", Tho equip- 
ment yrceovired for vse aboard ship amounts to only 300 woundse 


insvoliag@on: cc days per station. 


Moaintonance vcrsonnel after systom is in oporntion: 2 men at cach 
snore station. 


Cost: $55,009.00 for complete system including 3 shipboard units. 


Advantazos: 
1) Dxtromely accurate. 
2) Unhamocred by visibility or darkness. 
3) Easily constructed plotting charts. 
4) Snell geometrical offectse 
5) Tasy installation. 
6) Mo disruption of operations duc to skywaves. 





(fable III) 


(COMPARISON OF VARIOUS POSITIONIN SYSTHS) 


(SHORAIT) 


Disadvantages: 
1) Restrictod to line of sight ranges. 
2) Limited number of users roouiring tims shering schedule 


ii more than ono Veer 1S in tac arca. 
3) Fairly elaborate shipboard oquviment. 
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(DaisLec LI1) 


(COMPARISON OF VARIOUS POSITIONING SYSTUMS) 


EPI 
bacwe Class: Oireular, 
Pregueneyvwuand: 1.050 kc, 
Type of transmission: Pulse, 
Method of time measurement: Zovelized and superimooscd pulses. 
Maximum ranze: 480 noauticnl miles. 
Observed crror: m= £150 ft., az + 495 ft. at.400 miles. 
Mininum avcrage crror of fix (Figure 15): +500 ft. 
Average orror of fix as function of distance (Figure 16) for 
baseline i P Ggemear. 


2x pagelamo = tC Y00 it. 
= 3x basclinc : + 1,550 fte 


Oe Se 
i 


Number of simultancous users: Limited to about 3 with «= fix every 
3 minutcs.e 


Portability: The largest comooncnt of the shore installation weighs 
200 vous @nd metisurcs 24" x= 24"eR 33", Antenne Masts are 
10 fect lons measurins:: 12" x 12" and wcizhine 16 pounds onch. 
S = a] ahs 


Coes. 


Instvellotion timo: 6 days per station. 
liaintenence personnel: 4 to 6 monat cach station. 


Coste Lot yot in pmetuetion for Sencreal uso citecoe gor U. S.oGe 
and G. 5, vessels. 


Advantages’: 
1) Ranges out to 480 navtical ailcs. 
2) High accuracy. 
3) Unhampered by visibility or darkness. 
4) Basily constrected vlottins charts. 
5) No disruption of operation, duc to sky wavose 
6) Small scomctrical cffccts. 
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(Bavle LIT) 


(COMPARISON OF VARIOUS POSITIONING SYSTHMS) 


(“PT ) 


eas ene 

Limited numbor of usocrs. 

a Not yot in soncral production. 

3) Fairly claborate shipboard cavipmont. 

4) Hinimum ronge of 1/4 miles. 

5) Must be frequontly calibrated against a known distance. 

6) Not adaptable to small boats because of powor reaviro- 
montSe 

7) Before cach fix and at time of fix pulse must be synchro- 
nized at the sround stations by making coincidence ovor 
the entire length of the pulse. This requires a constant 
watch be maintaincd, 
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(Daher Lp) 


(COMPARISON OF VARIOUS POSITIONING S¥SeTiS) 


Basic class: Hyperbolic. 
Freovency bond: 1750-1950 ke 
Type of transmission: Pulsc. 


Method of noeasurcmont: Eaualizcd and supcrimposed pulses, 


Maximum range: 750 nautical niles usin: zrovnd weves, 1,400 
noutical milcs using: sty wavose 


f 0.2% o. distancc. 
deh yaseloyer® 


Observed crror: nm 
ra) 


Nov 
Cc 

@ 

O 
Ox 
ny 

ra 

oO 

+ 


Minimum avorage crror of fix (Tigure 15): £ 2,600 ft. 


Averasc error of fix as function of distance (Fic-wre 20) for 


—? 


D = besclince : 2 3S nautical midges 
D= 2x baseline : - ge) iieutical mi eee 
D=- 3x bascline : + 3,2 neutical miles 


Mombcr of simultancous uscrs: Unlimited, 


Portability: Heavy vormencnt shore installations boyond the c&na- 
city of survey ships. Shinboard reeciver woigms avouy 100 pounds, 


Cost: Approximately $2,000.00 per shipboard reccivor; cost of 
snore installations borne by various foverancntse 


Advantages: Provides continuous vositionines for vory cau: ranges 
at a small cost for an unlimited number of users 


Disadvantages: Not suitable for precise hydrographic surveying 
because of lack of accuracy, However, in its areca of cover- 
age it is vastly supcrior to cclastial obscrvations because 
it is independent of time or weathcr conditions, It is 
sebjeet to interiorence from local r&dio transmissiens. 


ike ae 


(fapie 1) 


(COMPARISON OF VARIOUS POSITIONING s*Stis) 


DCCA 
Basic class: Eypeorbolic. 
Freavency Damas GS kc — 127.5 eer 
Type of transmission: Continuous wavo. 
liothod of time mcasuromait: Phase comparison. 


Maximon ranse: 150 nautical miles without aoproeciable si wave 
ond interference, out to 200 miles for daylight oporations. 


Observed crror: m= |} 25 ft., an +,.82.5 ft. at 50 milecse 
Minimem average crror of fix (Pigure 15): #50 ft. 


Average crror of fix as function of distance (Figure 20) 


“yD - bosoline ee SORA 
Deo 2x baseline > 375 The 
J = 3x bascline : ee S00 ft. 


Wumber of simmltancous users: Unlimited. 
Portability: Zach shore station weizhs about 1,500 pounds and 
can be divided into com ronents smoil cnough to be portablic 
e ee) 3 ° . 
by holliconter, Shipboard recciver woi-hs220 »ounds, 


Installation time? About 5 days ocr station to erect and »vut in 
oneration 


Maintenance personnel: /) men for continuous ovcrations 


Cost: $100,000.00 for complete system and onc recciver. “ach 
agadtional receiver costs $2, O50. 


* 


Advante EOS' 

1) High accuracy, 

2) Ranges to 150 nouticnl miles at nicht ond out to 200 
BML Eo.L MLlCe Cid oon. leat. 

3) Unhaumoored by visibility or darknoss. 

4) Unlimited number of users. 

5) Only precise continuous wave systom that has been Tully 
wCSUCH Lor O©ror Chm lysi a. 


12 





(Table TILT) 


(COMPARISON OF VARIOUS POSITIONING systT7is) 


(DECCA) 


Disadvantages $ 


1) 
2) 


3) 
4) 


Requircs precomputed hyperbolic grid. 

Any interruvtion of signal causes loss of lane count ro- 
quiring return to a known colivration point. 

Requires use of monitor station to insure phase locking. 
eecosarsd to Chom c One oleic ~eeducncics by other than 

a multiple of the bwSic ireguency, then the other frecucncige 


MUSt @so be chanecd veesusc all freaucncics arc eriticam 
rolatcd. 





(Table Fil) 


(COMPARISON OF VARIOUS POSITIONING systi1is) 


LORAC 
Basic class! Hyperbolic. 


Freouency band? 1,772 ke to 1,797 kc. ‘These can be casily changcod 
by substitution of other fredpency crystais. 


tyne of transmission: Continuous wavo. 
lHicthod of time measurement: Phase commrison. 


Maximum range: 35 milcs without oporeciable sky wave interforence; 


A. 


out to 200 miles for daylizni: oncration. 


lianufeacturor's strted error: Untestced for crrors but menutacturocr 
eCinams # 2.5 fcct alone basellime, 


Minimum avorege error of fix (Figure 15): + 2.5 foot. 


Avorage crror of fixas function of distance (Figvre 20) for 
Ds: bascline . Lf. eae 
D= 2p basclimae 1G. “Beeb 
De 3x basemme  : LUO: lt. 


Number of simultancous users: Unlimitcde 


Porvaviliey: Tho 100 watt s@t snorc swations woizhins nbout 1,500 
pounds cach, with the largest single comyoncnt weighing 190 
notmdisecnd momisurims 19" = 25" = 37". Whe 500 watt sct dis 
comsidorably larger and is not as portabic. For the 500 watt 
set all picccs of coviomoent are portable by helicoptcr but 
the yowcr supply is a bulky item ronzing in weight from GOO 
to 1,700 »vounds devcnding on the typo uscde 


instelignien time: About five days mor station to crect and put in 
opcratione 


Haintonance personnel: 4 icn per station for continuous 24 hour 
operation. 


Cost: Complete shore installation without soare parts ond without 
sowor plants is $50,000.00. Each recciver costs $11,000. 





(fable III) 


(COMPARISON OF VARIOUS POSITICNING SYSTTMS) 


(LORAC) 


Advantages % 


1) 


2) 


HCsulvs cof Tiecld tests amernot sa sap Trom the manve 
facturer for publication but THEORNTICALLY this is one of 
Ghee toss Sccuraiee Of a1 ae oni ne SYSTCHS » 

Ranges to 35 nautical miles for continvous oncration 
without sity wave cffects, out to 200 miles for daytinec 
oncorations, 

Unhamocred by visivility or darimess,. 

Unlimitcd numoor of users. 

Docs not reovire monitor or roference receiver for phase 
locttinz. 


Disadvantagzos?: 


1) 
2) 


3) 


Requires precompuvted hiperbolic grid. 

Any interruption of sivznols causes loss of line count re 
quiring return to 4 known calibration ‘OO Lntv. 

Gnly available in limited quantitios since a full scalc 
oroduction modcl is not yot ready for distribution. 
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(Table III) 


AYRE. 
Basic Class: Hyperbolic. 


=roouoncy band: Various frequencics cun de uscd denendin> on the 
bands sayamlypLe. 


Type of transmission! Continvous wave. 


Method of time mcasuromcnt' Phase conorisone 
Maximum rongo: Out to 200 miles, dorending on frcequencics uscd. 
OpGervcd Citer. Kosults of ICw tceSh mieicate an accuracy of ve cOma 


Number of simultancovs users: Dopnending on systom thrt is used, but 
can be sot up for an unlimited numbor of uscrs. 


Portability: Portable within tho limits of = hydrographic survey @roup. 
Detailed woight and cube specifications were not furnished by 
manufacturcre 


Installation time: <Abdout five days por st-tion to crect and put in 
operation. 


Maintonance personnel: Four mcn por station for continuous 24-hour 
operation. 


Cost: $50,000. 


Advantages: 

1) High accuracy 

2) Lonz ranges 

3) Unhanpered Se Visibility or darlmoss 

4) Unlimited numbor of usors. 

5) Extromoly floxible and adeotable to 2 varicty of survey 
requir cements, 

GQjeie in a oreducsion estates. 


Disadvantazes: 
1) Hyperbolic set up requires precomputed grid. 
2) Any intorrruntion of signals causes loss of lanc count re- 
quiriny roturn to * known calibration point. 
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CONCLUSIONS .\uID RECOMNNDATIONS 


On the basis of the data contained in this rovort, cs 


Fa) 
© 
> 
rR e 
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4 
+ 

J 
Hy 


LAGEewIGi, 1 hayes rrivodie. the followinesconciusions 


eraphic survoys? 

1. CGclesticl obscrvations at scan with a marine scktant 
should be used oniy where more precise control is not available, 
This method is the least worecise of 211 methods discussed, 

Ze Loran ig almost as accurato as celestial obscrvations, 
Dut hns the decided aaventage thst it is indepcendont of time, is 
unaffected by wonther, and provides continuous pvositionin~; in the 
areca of its coverasc. 

3. Sextant three-point vositioninz is accurate within 
the plotting rcoaviromcnts of presont day nydrographic survoys, 
cxeiuiin= cable survoys or other precisc onerstions. Howover, 
it has such & limited range that it will provide hydrogrmphic 
coverage only for the smallicst of coastal vessels. Nodern navi-~ 
gators stay as far off tho const as cossible so “ny method that 
does not furnish soundings in arons reoguircd by the users is better 
off replaced by - method that wali, It is cmtremcly incrficient, 
time consumins, and o:zponsive to carry out a survey with two 
Hothods of coOutrols’: Vis@el Scmeant control out to the limits of 
Visibility and clectronic methods from there scavward. Therefore, 
it is recommended thant soxtant threc—coint positioning be used 


only for surveyins small bays or lakes. Whe mcthod may also have 
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some veluc for quick "spot" survoys of two or three weeks duration 
in Artic arcas where daylicht is continuous and whsro transicnt 
clectronic interference may be exnccted. 

4, Shoran for inshore control and MPI for offshore hy- 
drosranhy is hizvhly reccommended for survey vessels opcratins singly 
or in small groups. The time sharing reqvired in using those re- 
markable systcms make them unsuitable for largo surveying frouns. 
Howe ver, for individual ships there is no bettor combination. 

5 For large surveyin:;; oxpeditions any of the three 
continuous weave hyperbolic systems should bs used devendin-; on 
the personal preferences of the agency carrying out the survcy. 
these systems provide accurate lonz range nositionin:; for an un= 
limited numbcr of uscrs. Sinec at least 50 miles of trianzuletion 
must be conoleted before the hyperbolic curves can be computed for 
the proposed sites of the three shore stations it is recommonded: 

a) that advance party be sent to obtain the nocessary 

triangulation data so that the hyperbolic curves will 
be ready uvon arrival in the survey arca, Or 

b) that the first vart of the survey be carricd out using 

Shoran control. <A low order trimngsulation net, ace 
curate ecnouwzh for preliminary work, con be guickly 
established in 2 fow weeks and the curves can then 
be constructed sranvhically nboard shio. Sounding 
control usin; the hyperbolic systom can be started 


Qs soon as the curves have been constructcd. As the 
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scason prosresses the triangulartion can be re- 
obscrved more orecisely and then accurate curves 
produced by high soced computing machines for the 
finel smooth plot work. Or 

that after thorough reconnaissance upon arrival in 
the area the three stations be cst-bdlishod at he 

most svitable locations in the arca, Then dcteor- 
mine the liength of the basclincs between the stations 
by the method of crossing the base linc oxtonsions 

to record the maximum and mininum rendinzs. Sut- 
tracting the minimum from the maximum roadincs will 
give the numbcr of lones in the base linc from which 
the base line lensth can be roadily computed, The 
angle of intersection of the base lines and the 
azinuths can be vicked directly from tne photo- 
eraphs or mips of the area or by observing rockets 
shot off from each station “At nignat. This gives 
cnough data to construct the hyporbolic curves graph- 
ically and then run sovnd lines. «is the scason 
orogresses accurate tricngulation will be cstablished 
and precise curves con then be computed. This motnod 
is oxtremoly rovrh but will be zood cnough to get 

the survey started and for orclininsry boat sneet 
work thet can be corrected in the snootholot. it 


is only on expedicnt to be attomoted if a) or bd) 
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above can not be uscde 

The advantages ond disadvantages of the various systems 
have been described in Table ITI and recommendations concocrning 
each systom have been made in the previous parosreohs., The 
Supcriority of clectronic vositionin= systoms is obvious but thore 
1s still much room for improvement. The problems of removinz sky 
wave oifeets and of obtainins an absolvutcly correct value for the 
velocity of radio wave progogation unecr all conditions of weather 
and terrain apocar almost insurmountable but must be solved if 
clectronic methods ere ever soinz to provide vrecise first-ordor 
“ORLD WIDE coverage. “very apnroach so far hes act with failure 
until it appears to many that clectronic nethods have reached thoir 
peak ef officicney and can no longer be improved. The situation 
is analogous to 2 youn; baby learning to walk. ‘The baby will 
crawl over to 2 pvicce of furniture and laboriously pull himsclf 
erect only to fall down when he trics to take his first step. 
He will crawl oveor to the nearest handhold and carry out the 
same proccdure time aftor time until he finxlly succeeds, Now 
sSumeose aitcr a fow falls the beby should sit back to cnalyeo his 
procedure in the aporoved method ond should conclude: " I can sco 
that the result of this ondcavor will always be thet I will fall 
flat on my hauneches. This indicatas I have reached the poak of my 
ability in locomotion. Ergo, I hed best be content with crawling," 
The question that cntors my mind -t this point is: If the above 


Urano of thoucht had ever cnteored thc heads of infants, how veguld 
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the human race ever get beyond the crawling stagc? Ve must 
continue our scarch for new methods, new tcChnacles,;md nre 
instruments, while constantly strivinz to improve those prc- 


scently in use. 
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